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INTRODUCTION 

In t h e  Hall-Heroult Process f o r  producing aluminum, alumina dissolved i n  

Anodes a r e  made by miXing about 18 per cent  binder with 
molten c r y o l i t e  a t  950-1000% i s  e lec t ro lyzed  us ing  a carbon l ined  c e l l  as  cathode 
and baked carbon as  anode. 
82 per cent  carefu l ly  s ized  calcined p t r o l e u m  coke and molding a green block, which 
i s  subsequently baked a t  llOOo in  an i n e r t  atmosphere t o  coke t h e  binder.  

During e l e c t r o l y s i s  the  anode i n  slowly consumed. Carbon consumption is 
caused by: (1) combination of carbon with the  oqygen released a t  the anode, 
combination of carbon with CO;, i n i t i a l l y  formed, 
of t h e  anode, and 
i n t o  t h e  bath i f  the binder coke i s  more r e a c t i v e  than t h e  petroleum coke. 
t h e  f i r s t  are atrongly a f f e c t e d  by t h e  r e a c t i v i t y  of t h e  carbon anode, and t h i s  in 
turn  i s  dependent on the  q u a l i t y  of t h e  coke formed by t h e  binder. 

(2) f u r t h e r  
(3) air-burning of t h e  exposed t o p  

(4) d i s i n t e g r a t i o n  caused by p a r t i c l e s  of petroleum coke f a l l i n g  
All b u t  

Numerous t e s t s  have been proposed f o r  charac te r iz ing  binders. 
been reviewed comprehensively by Thomas3 and somewhat more c r i t i c a l l y  by 'deiler4. 
It i s  genera l ly  agreed t h a t  t h e  binder  should meet a sof tening point  requirement f o r  
ease of processing, must have a low ash content  to  prevent contamination of  the  ba th  
and a l s o  t o  avoid catalyzing carbon r e a c t i v i t y ,  and should be low in sulfur because 
of corrosion problems. 
reac t ive  anode w i t h  good e l e c t r i c a l  conductivity.  
i s  very aromatic and meets a l l  t h e s e  requirements. It is t h e  binder used almost 
exclusively i n  the  United S ta tes .  
mater ia ls ,  such as those der ived from petroleum, can be blended with coke-oven p i t c h  
t o  produce anodes equivalent in a l l  s i g n i f i c a n t  proper t ies  t o  conventional anodes. 

They have 

In addi t ion ,  high a romat ic i ty1  i s  des i rab le  t o  form a l e s s  
Coke-oven p i tch  derived from c o a l  

We have now found t h a t  c e r t a i n  less-armatic 

ANALYTICAL F'ROCEDLIRES 

Softening Point  

'Cube-in-air method. B a r r e t t  Test  No. D-7, Al l ied Chemical and Dye 
Corporation, New York, New York. 

Reac t iv i tx  

Sodium sulfate  r e a c t i v i t y  i s  t h e  l o s s  i n  weight on immersing a 1-in. 
cylinder of carbon 0.5-in. long f o r  30 minutes i n  sodium sulphate  a t  980°C. 
is oxidized by molten sodium sulphate2. 
binder i s  always run with t h i s  t e s t  f o r  comparison. 
s ince for some of the  e a r l i e r  t e s t s  the procedure was modified s l i g h t l y .  

Carbon 

Both r e s u l t s  a r e  reported here  
A reference carbon containing a standard 

Infrared Index of Aromaticity 

This  is taken as the  r a t i o  of t h e  a l i p h a t i c  t ransmit tance a t  3.4 1;icrons 
. .  
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l i i lrared Index of Aromaticity 

ciividzd b:- 'tile aro!r!ntic t r a ! ~ s ~ . i t t a n c e  a t  3.3 riicrons as previousl:.r described1. 

14.scibil i tg Test 

, This t e s t  measures t h e  compat ib i l i ty  of a binder with coke-oven tar. A 
1:l i:;j;cture of t!ie biqder under t es t  and coke-oven tar i s  heated about 30 degrees above 
t h e  softanin: point.  
on 3 ho t  p l a t e  a id  covered with a cover &ass. 
applied to  the  cover g l a s s  t o  reduce t h e  fib; th ickness  so  t h a t  it w i l l  transr?At l i g h t .  
Niei? viewed under t!ie ixicroscope a t  200X, absence of f loccu la t ion  of t h e  C - I  p a r t i c l e s  
n o r i d l y  present  i n  coke-oven p i t c h  ind ica t e s  compat ib i l i ty  of t he  binder.  

A s n l a l l  d rop le t  i s  t ranszer red  t o  a warp. g l a s s  ndcroscope s l i d e  
)mi le  s t i l l  warm, s l i g h t  pressure i s  

A t y p i c a l  ana lys i s  of coke-oven p i t c h  binder f o r  prebaked e l ec t rodes  i s  
given i n  Table I. The softening poin t  corresponds t o  about 215-239F ring-and-ball. 

TACIA I 

TYPICAL PiZowImis OF COI'J-om 1 

PITCIi 61iKZX3 FOR PRi;XAFD A'JODES 

Softening point,  cube-in a i r  105-115 

Sulfur ,  '5 G.5 

Ash, $ c.1 

Infrared index 1.3 

For caroon anodes nade with unblended bmders .  t h e  r e a  t iv i t -c  i nc re  sed 
w i t i i  cecreasin:; a roxa t i c i ty  of tile binder a s  lneasul-ed b;: i n f r a red  index (Figure I). 
t h e  bas i s  of in f ra red  index binders ma;; be divided soxewhat a r b i t r a r i l y  i n t o  t h r e e  
a r c n a t i c i q  c lasses :  

O n  

hixh 01.2), i n t e rxed ia t e  (L.6 t o  1.2) and low (<0.6). 

Coke-oven p i t ch  i s  about t h e  only member of t h i s  class. In prebaked anodes 
a l r x s t  any hi~li-teLiperature, coke-oven p i t c h  can produce a good anode. 

Lit e rzed ia t  e Aro!?at i c  i t y  Tinder s 

Pitches derived f ron  v e r t i c a l  r e t o r t  t a r s  or  o i l -gas  tar, and petroleum 
res idua l s  frci; high teniperature cracking processes f a l l  in t h i s  c lass .  

L0:i krona t i c i ty  Binders 

kiang these  a r e  p i tches  der ived  from low-temperature coa l  t a r ,  so lvent  
e-utracts of p e t r o l e m  and most petroleum res idua ls .  

Lq genera l  low and intermediate a ror ra t ic i ty  b inders  do not  produce good 
anodes and a r e  not  used alone i n  carbon anodes. 
ai.ous?c ol' oil-gas p i t ch  i s  used in 50:50 blends with coke-oven pitch.  

I n  t h e  United S t a t e s  a very minor 
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Low Aromaticity Binders 

. . .  . .  . .  

Ir! a search f o r  low cos t  b inders  der ived  from petroleum, seve ra l  r e s idua l s  
were found which unexpectedly produced good anodes in blends. .  T:?pical laborator:: rz- 
sults a r e  'presented i n  Table 11, and similar good r e s u l t s  have been obtained i n  p l a n t  
operation f o r  s eve ra l  of t hese  binders.  

. . . . . . . . . , ., , 

A l l  in te rmedia te  a romat ic i ty  binders t e s t e d  produced good anodes wken blend- 
ed with coke-oven p i tch .  
have been used f o r  some time i n  anodes. 
cess lng  by high-temperature cracking have become ava i lab le .  
a romat ic i ty  (A and B in  Table 1 1 )  should f ind  app l i ca t ion  blended i n  anode binders. 
of t h e  petroleum res idua l s  t e s t e d  had a romat i c i t i e s  a s  high a s  coke-oven p i tches .  

These results were n o t  unexpected s ince  blends of o i l -cas  p i tch  
Recently r e s idua l s  produced i n  petroleum pro- 

Those having intermedlate 
'.one 

Certain low aromat ic i ty  b inders  when blended with coke-oven p i t c h  produced 
good binders. 
deasphalting of an Ordovician crude and a p i t ch  (D)  derived from low-temperature 
l i g n i t e  tar .  
produced poor bindws.  
was t h e  n i s c i b i l i t y  t e s t .  
produced poor binders (E and F in Figure 2).  
d i spersed  (A and C in Figure 2 )  t h e  blend produced good anodes. 

These included a petroleum r e s i d u a l  (C - Table 11)  produced by propane 

Other low aromat ic i ty  binders,  such a s  air-blown asphal t  (E i n  Table II), 
The only l abora to ry  t e s t  which d i f f e r e n t i a t e d  among these  binders 

Those blends i n  which t h e  C-I  p a r t i c l e s  were f loccula ted  
If t h e  C-I p a r t i c l e s  renained uniformly 

While some of t h e s e  b inders  d id  produce good anodes, t h e i r  t r u e  coking 
This did not seem t o  a f f e c t  values were lower than t h a t  of mke-oven p i t ch  (Table 11).  

t h e i r  u t i l i t y ,  bu t  t h e i r  economic va lue  was lowered s ince  less carbon would be ava i l ab le  
f o r  r eac t ion  with owgen produced a t  t h e  anode in smelting cells .  

CONCLUSION . 

High aromat ic i ty  b inders  can be used alone t o  produce good anodes. 
mediate a romat ic i ty  b inders  blended with coke-oven p i t c h  produced good anodes. 
blends low aromat ic i ty  b inders  which were misc ib le  with coke-oven p i t ch  produced good 
anodes. 

In t e r -  
I n  
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Aspects o f  t he  R e a c t i v i t y  o f  Porous Carbons w i t h  Carbon D iox ide  

J. H. Blake (a), G. R. Bopp (b), J. F. Jones (c), M, G. M i . l le r  (c), W. Tambo (d) 

(a) Chemical Engineer ing Department, U n i v e r s i t y  o f  Colorado 

(b) Present address, Chemical Engineer ing Department, S tan fo rd  U n i v e r s i t y  

(c) FMC Corp., Chemical Research and Development Center 

(d) Present address, Cabot Corp., Boston, Massachusetts 

1 .  I n t roduc t i on  

Th is  work was undertaken i n  o rder  t o  develop a s imple and e f f e c t i v e  t e s t  t h a t  
would compare the  r e a c t i v i t i e s  o f  g ranu lar  carbons. The carbons s tud ied  were samples 
o f  formed m e t a l l u r g i c a l  coke and o f  ca l c ined  coal  char made f rom subbituminous coa l  
i n  the  process developed by FMC Corp., and demonstrated i n  a semi works p l a n t  a t  
Kemmerer, Wyoming ( I ) .  This coke i s  permeated by a system o f  very  f i n e  pores, i t  has 
a h i g h l y  amorphous s o l i d  s t ruc tu re ,  and i t  i s  very  r e a c t i v e  compared t o  byproduct o r  
beehive cokes. The r e a c t i v i t y  i s  be l ieved t o  be an important p r o p e r t y  o f  cokes used 
as reducing agents. 

As a second ob jec t i ve ,  some knowledge o f  the  i n f l uence  o f  r a t h e r  m i l d  thermal 
t rea tment  on the  r e a c t i v i t y  o f  these cokes was sought. 

Carbon d iox ide  was se lec ted  as the  o x i d i z i n g  agent f o r  t h e  r e a c t i v i t y  tes ts ,  
s ince  i t s  reac t i on  w i t h  carbon i s  no t  compl icated by secondary e f f e c t s  such as t h e  
water  gas s h i f t .  The reac t i on  was fo l lowed by measuring the  weight o f  carbon as a 
f u n c t i o n  o f  time, and t h i s  p ro tedure  proved t o  be bo th  s imple and p rec i se .  

While the  va r iab les  a f f e c t i n g  the r e s u l t s  o f  t he  t e s t  were s tud ied  i n  a semi- 
emp i r i ca l  manner, c e r t a i n  i n t e r e s t i n g  i n fo rma t ion  regard ing  the  k i n e t i c  behavior o f  
these carbons as they underwent reac t i on  d i d  r e s u l t ,  and t h i s  work i s  presented w i t h  
the  hope o f  p rov id ing  a lead toward a b e t t e r  p i c t u r e  o f  what happens on t h e  sur face  
o f  carbon dur ing  reac t i on .  

I I .  Experimental D e t a i l s  

A. R e a c t i v i t y  Measurements 

The apparatus shown i n  F igure  1 cons is ted  o f  an impervious s i l i c a  tube 2.54 cm. 
I D mounted v e r t i c a l l y  i n  a tube furnace. Carbon d i o x i d e  f lowed upward through the  
tube a t  c o n t r o l l e d  ra tes  which ranged from 2870 cc per minute (STP) t o  4730 cc pe r  
minute. The samples o f  g ranu lar  carbon t o  be eva lua ted  were suspended i n  a sample 
ho lde r  from an a n a l y t i c a l  balance mounted above the  r e a c t i o n  tube. The sample ho lder  
was a No. 2 Gooch c r u c i b l e  cu t  o f f  where the  ou ts ide  diameter was 23 m i l l i m e t e r s  so 
t h a t  c learance between the c r u c i b l e  and the  r e a c t i o n  tube averaged 1 .2  mm. The pe r fo -  
r a t i o n s  i n  the  bottom o f  the  c r u c i b l e  were each .7 mm Diam. Holes were c u t  i n  t h e  
s ides  o f  the  c r u c i b l e  w i t h  a diamond saw so t h a t  a b a l e  o f  quar tz  f i b e r  which hooked 
on t o  another long quartz f i b e r  a t tached the  sample ho lder  t o  the  balance. 
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Nearly a l l  of the  r e a c t i v i t y  measurements were made a t  900°C and the  tempera- 

t u r e  was c o n t r o l l e d  au tomat i ca l l y  by the thermocouple mounted about 1 cm below the  
sample. A t  900°C, the ra tes  o f  r e a c t i o n  o f  most o f  these samples were i n  a range t h a t  
was convenient t o  fo l l ow .  

A loose f i t t i n g  cover on t o p  o f  t h e  r e a c t i o n  tube w i t h  a 'smal l  ho le  f o r  the  
quar tz  f i b e r  prevented a i r  f rom d i f f u s i n g  down t o  t h e  sample y e t  pe rm i t ted  the  C02 t o  
escape. 

The dynamic fo rce  o r  upward drag on t h e  sample basket was about 50 m i l  1 igrams 
a t  t h e  h ighes t  gas v e l o c i t y  used, and i t  was steady as long as gas v e l o c i t y  and tem- 
pe ra tu re  were kept  constant.  

To make a r e a c t i v i t y  measurement the  carbon p a r t i c l e s  were screened, u s u a l l y  
t o  -16 +20 USS mesh, d r i e d  o v e r n i g h t  i n  a des i ca to r  and a sample o f  e i t h e r  200 o r  500 
m i l l i g r a m s  was weighed i n t o  t h e  sample ho lder .  W i th  the  apparatus a t  r e a c t i o n  tempera- 
t u r e  and thorough ly  purged w i t h  n i t rogen ,  the  sample ho lder  was q u i c k l y  lowered i n t o  
place, hung f rom the  balance, and t h e  cover placed on top  o f  t h e  reac t i on  tube. 

The sample was then a l lowed t o  heat i n  a stream o f  n i t r o g e n  u n t i l  i t  came t o  
a constant weight,  which u s u a l l y  happened w i t h i n  t e n  minutes, bu t  f o r  most runs a 20 
minute d e v o l a t i l i z a t i o n  p e r i o d  was used. A t  t he  end o f  t h i s  t ime the weight was 
observed, the  carbon d i o x i d e  was tu rned  on and i t s  f l o w  ad jus ted  t o  g i v e  a s u p e r f i c i a l  
v e l o c i t y  of e i t h e r  15.6 o r  9.45 cen t ime te rs  per second (STP) i n  the  r e a c t i o n  tube. The 
weight was aga in  measured as soon as poss ib le  a f t e r  t u r n i n g  on t h e  CO2 and t h e r e a f t e r  
a t  f requent  i n t e r v a l s  du r ing  the  course of the  reac t i on .  A t  t h e  end o f  t he  run  the  
system was purged w i t h  n i t rogen ,  and the sample was removed and a l lowed t o  coo l  t o  room 
temperature. The empty sample ho lde r  was then p laced back i n  the  furnace and weighed 
i n  a stream of n i t rogen  a t  r e a c t i o n  temperature. R e a c t i v i t i e s  a r e  repor ted  as percent 
o f  t he  sample reac t i ng  per hour, based on the  t o t a l  weight ( i n c l u d i n g  ash) o f  carbon 
a t  t he  end o f  t h e  d e v o l a t i l i z a t i o n  pe r iod .  

For most o f  t h e  work the  lower gas v e l o c i t y ,  9.45 cm/sec, was used because 
i t  gave somewhat more rep roduc ib le  r e s u l t s .  A t  t h i s  v e l o c i t y ,  t he  Reynolds Number i n  
the  annu lar  space pas t  the  sample i s  900, so t h a t  f l o w  i s  laminar.  

B.  F l u i d i z e d  Reactor 

The apparatus t o  r e a c t  carbon w i t h  steam i n  a f l u i d i z e d  bed cons is ted  o f  an 
The heated sec- 

A p e r f o r a t e d  p o r c e l a i n  p l a t e  pinched i n t o  a c o n s t r i c t e d  

impervious s i l i c a  tube 2.54 cm I D mounted v e r t i c a l l y  i n  a furnace. 
t i o n  o f  t h e  tube was 45 cm long, and i t  conta ined r e f r a c t o r y  packing t o  a depth o f  
25 cm t o  p reheat  the  steam. 
s e c t i o n  o f  t he  tube l a y  on t o p  o f  t h e  packing and served as a g r i d .  
i n  a f i n e  quar tz  we l l  was immersed i n  the  bed from the top, and i t  operated a con- 
t r o l l e r  which ac ted  t o  ma in ta in  a cons tan t  temperature i n  the  bed. 

A thermocouple 

The r a t e  o f  steam f l o w  was c o n t r o l l e d  by manual adjustment o f  the  cu r ren t  t o  
a hea t ing  mant le enc los ing  a two l i t e r  f l a s k .  The f l a s k  was f i l l e d  t o  a l e v e l  w e l l  
above the  windings i n  t he  mantle. 

To beg in  a run, t h e  empty r e a c t i o n  tube was weighed, then mounted i n  the 
furnace, brought up t o  temperature, and the  steam f l o w  was ad jus ted  t o  the proper 
ra te .  
o f  g lass  wool was inse r ted  i n t o  t h e  top. By proper man ipu la t ion  of the  heater,  the 
bed temperature reached the  d e s i r e d  va lue  (usua l l y  750°C) w i t h i n  5 minutes.  

The weighed carbon sample (20 grams) was then poured i n t o  the tube, and a p lug  

Coarse carbons, -6 +IO USS mesh, were used f o r  t h i s  work. 
steam v e l o c i t y  o f  2 5  cm/sec under r e a c t i o n  cond i t ions ,  p a r t i c l e s  i n  the  bed moved 

A t  a s u p e r f i c i a l  

1 

d 

A 
I 
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Thus each p a r t i c l e  should have been exposed t o  the same cond i t ions .  about cont inuous ly .  
The beds were about 5 cm deep. 

C. Surface Area Measurements 

A Perkin-Elmer-Shell  Sorptometer (Model 212) was used t o  measure pore surfaces. 
Samples were degassed i n  the  apparatus a t  600°C under . 1  mm Hg f o r  30 minutes. 

Isotherms f o r  adsorp t ion  o f  n i t rogen  a t  78°K were ob ta ined by a f l ow  technique 
which i s  rapid,  bu t  which may no t  a l l o w  s u f f i c i e n t  t ime  f o r  e q u i l i b r i u m  t o  be a t t a i n e d  
i n  very  f i n e  pores. Thus the  sur face  areas repor ted  here may be somewhat low. 

D. P a r t i c l e  Densi ty and Pore Volumes 

P a r t i c l e  d e n s i t i e s  o r  volumes were measured by displacement o f  Hg a t  10 p s i g  
i n  an American Instrument Co. Porosimeter. Pressures t o  5000 p s i  enabled pore volume 
d i s t r i b u t i o n s  t o  be determined down t o  pore diameters o f  350A. 

E. He1 ium Dens i t ies  

He1 ium dens i t y  was measured ' in a Beckman purgeable gas pycnometer, a f t e r  de- 
gassing i n  the  apparatus a t  room temperature and . 1  mm Hg tw ice  f o r  about 10 minutes 
each time, and break ing  the  vacuum w i t h  He i n  each case. 

F. Heat Treatment o f  t h e  Samples . ,  

To study the e f f e c t  o f  heat t reatment on r e a c t i v i t y  the  carbons were soaked 
f o r  var ious  per iods  o f  t ime i n  a m u f f l e  furnace kept a t  e i t h e r  lO00"C o r  1100°C. During 
t h i s  soaking, whole b r i q u e t s  were contained i n  glazed p o r c e l a i n  c r u c i b l e s  w i t h  ca l c ined  
coal  packed around them and w i t h  covers on the  c ruc ib les .  

I l l .  Samples 

Two samples o f  FMC Coke b r ique ts  and one sample o f  ca l c ined  coa l  char were s tud ied  
i n  t h i s  work. 

The coke b r ique ts  were made i n  p i l o t  sca le  equipment by f i r s t  c a l c i n i n g  the  ground 
coa l  i n  a se r ies  o f  f l u i d i z e d  r e t o r t s ,  then b r i q u e t t i n g  the  d e v o l a t i l i z e d  coal o r  c a l -  
c i n a t e  w i t h  a b inder  made by a i r  b lowing  the  t a r  d i s t i l l e d  f rom the  coa l .  The green 
b r i q u e t s  were then cured i n  the  presence o f  a i r  t o  polymerize the  binder,  and were 
f i n a l l y  coked o r  baked a t  about 900°C. 

One sample o f  coke was made from E l k o l  Coal, a sub-bituminous coal mined near 
Kemmerer, Wyoming. The o the r  coke was from another sub-bituminous coal mined near 
Helper, Utah. 

For the  samples used here, coke b r i q u e t s  were crushed and screened t o  the des i red  
s ize .  

The sample o f  c a l c i n a t e  was made from E l k o l  Coal and was produced by FMC Corp's 
demonstrat ion p l a n t  a t  Kemmerer, Wyoming. The pu lve r i zed  coa l  was f i r s t  d r i e d  a t  150°c, 
then carbonized a t  4 5 O o C ,  and f i n a l l y  ca l c ined  a t  8 0 0 " ~  i n  a se r ies  o f  f l u i d i z e d  r e t o r t s .  

Proper t ies  o f  these carbons a re  g iven i n  Table I .  
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U l t i m a t e  Ana lys is  
W t .  % C 

H .  
' , N  

S 
0 (by d i f f . )  
Ash 

V o l a t i l e  mat te r  % 
Surface area (m2rgm) 

BET-Ni t rogen 

Apparent dens i t y  by 
Hg displacement 

(9m/cc) 

He1 ium dens i t y  (gm/cc) 

Crushing s t reng th  o f  
cy1 inders  1-1/411D x 3/411 

TABLE I 
. . .  .. . . . .  .,. . p r o p e r t i e s  o f  Samples 

E l  kol  Coke Helper Coke E l k o l  Calcinate"" 

89.8 86.6 89.6 
1 .o 1 .o 1.3 
1 .o 1.2 1.2 

1.7 2.6 I .7 
5.9 8.3 5.8 
2 .O% 2.0% 4.5% 

.6 .3 - .4 ' 

.94 .96 .94 

1.98 

3400# 340M 

*I90 m2/gm i s  a t y p i c a l  sur face  area f o r  t he  coke produced by the  la rge-sca le  p l a n t  a t  
Kemmerer. -- 

'*"The E l  ko l  Coke used here was no t  made from t h i s  sample o f  ca l c ina te .  

I V .  Resu l ts  

A. E f f e c t s  o f  Procedure 

The numerical ra tes  o r  r e a c t i v i t i e s  repor ted  i n  t h i s  sec t i on  a re  based on the  
o v e r a l l  s lope o f  the  weight versus t i m e  curve between t h e  t imes o f  30 and 160 minutes 
where t h e  s lope was f a i r l y  cons tan t .  I n  t he  f i r s t  few minutes o f  reac t ion ,  ra tes  were 
somewhat h igher  than the slope i n  t h i s  i n t e r v a l ,  and the  p o s s i b l e  s i g n i f i c a n c e  o f  t h i s  
h ighe r  i n i t i a l  r a t e  i s  discussed i n  a l a t e r  sec t ion .  

Table I I  shows the  e f f e c t s  o f  sample s ize,  d e v o l a t i l i z a t i o n  time, gas v e l o c i t y ,  
and p a r t i c l e  s i z e  on the measured values o f  r e a c t i v i t y .  I n  b r i e f ,  inc reas ing  the  sample 
s i z e  f rom 200 t o  500 mi l l i g rams  decreased the r e a c t i v i t y  about 20%; longer  d e v o l a t i l i -  
z a t i o n  t imes (40 compared t o  20 minutes) decreased the  r e a c t i v i t y  roughly 10%; and 
decreasing t h e  gas v e l o c i t y  f rom 15.6 t o  9.45 cent imeters  per  second lowered the  re -  
a c t i v i t y  about 20%. 
e f f e c t .  
2.5 down t o  .5 mi l l ime te rs . )  

P a r t i c l e  s i z e  between -6+10 and -28+32 mesh had no apprec iab le  
(These screen s izes  cover a f i v e  f o l d  range o f  average p a r t i c l e  s ize,  from 



P a r t i c l e  
Size 

V 

- 6+10 

- 16+20 

-28+32 

TABLE I I 
Var iab les  A f f e c t i n g  Reaction Rate'' 

Heat ing Samp 1 e Gas React i o n  
t ime 
min. 

20 I 
40 

1 
20 . W t  . V e l o c i t y  

mg . cm/sec 

200 15.6 

1 L 

.L 
500 

200 
c 

500 

9.45 
9.15 
9.45 

Rate 
DJhr 

25.6 
25.1 
26.4 

20.1 
21.4 
20.2 

24.1 
24.1 

18.3 
18.4 
17.6 
17.2 

17.8 
17.7 
18.2 

17.6 
17.8 
17.9 

Comparison o f  
Va r i ab 1 es 

.- :I 

.- 
U L 

m 
n 

"'(E 1 kol Coke) 

The procedure adopted as standard used the  -16+20 mesh s i z e  range, a heat ing  
t ime  o f  20 minutes, 500 mg. o f  sample and a gas v e l o c i t y  o f  9.45 cm/sec. 
under these cond i t i ons  was good, as can be seen from Table 1 1 .  

R e p r o d u c i b i l i t y  

The r e a c t i v i t y  was reproduced w i t h  several  d i f f e r e n t  sample baskets made as 
descr ibed above, bu t  having S I  i g h t l y  d i f f e r e n t  wal 1 clearances. Thus the  dimensions o f  
the  sample ho lder  a re  no t  c r i t i c a l .  

B. E f f e c t s  o f  Carbon Monoxide 

I t  i s  w e l l  known t h a t  CO and H2 r e t a r d  t h e  r e a c t i o n  between C02 and carbon (2,3). 
With the sample s i zes  and f lows o f  C02 tha t  were used here, t he  average concent ra t ion  o f  
CO generated i n  the  r e a c t i v i t y  apparatus was u s u a l l y  between . I  and .2% ( i .e .  moles CO 
produced/uni t  t ime d i v i d e d  by moles o f  C02 f ed /un i t  t ime).  For the  most r e a c t i v e  sample, 
the  composi t ion o f  CO i n  the  e f f l u e n t  gas was about .45%. 

Several runs w i t h  CO added t o  the  C02 fed  t o  the  r e a c t o r  ( t o t a l  f l ow  kept con- 
s tan t )  showed the r a t e  t o  be lowered about 20% w i t h  3.7% CO i n  t h e  gas. Th is  i s  about 
what Ergun's data (4) would p r e d i c t  and i t  shows t h a t  t he  CO generated by reac t i on  should 
have a very  minor i n f l uence  on the  measured values o f  r e a c t i v i t y .  
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C. Heat Treatment > ,  . ,  

Figures 2, 3, 4, and 5 show how the  weights o f  carbon samples changed w i t h  t ime 
du r ing  r e a c t i v i t y  determinat ions.  
data on Figures 3, 4, and 5 so t h a t  several  runs can conven ien t ly  be.compared on a s i n g l e  

Note t h a t  zero t ime has been s h i f t e d  f o r  most o f  t he  

p l o t .  
. -  

From these p l o t s ,  two r e s u l t s  a r e  apparent. F i r s t ,  as would be expected, a more 
severe heat t reatment causes a g i v e n  carbon t o  reac t  more s lowly .  

Secondly, t he  heat t rea tment  causes the r a t e  o f  r e a c t i o n  t o  become more n e a r l y  
constant,  d u r i n g  a p a r t i c u l a r  run. In  F igu re  2,  f o r  example, a sample o f  Helper coke 
which had been soaked a t  lO00"C f o r  16 hours reacted a t  very  n e a r l y  a constant r a t e  u n t i l  
more than 56% o f  t h e  carbon had been consumed. The least-squares s lope o f  t h i s  l i n e  to  
56% burn  o f f  g i ves  a r e a c t i v i t y  o f  38.l%/hr w i t h  95% conf idence l i m i t s  o f  ?.517,/hr. The 
o t h e r  sample i n  F igu re  2 was soaked f o r  27 hours a t  1000°C and i t  reac ted  t o  57% b u r n o f f  
a t  a constant r a t e  o f  24.7 f.28Whr. The 95% conf idence l i m i t s  g i v e  a q u a n t i t a t i v e  idea 
o f  how n e a r l y  cons tan t  these r e a c t i o n  ra tes  were. 

D. E f f e c t  o f  Temperature 

Except for t w o  runs a t  850°C a l l  o f  the r e a c t i v i t i e s  repor ted  here were measured 
a t  900°C. 
hour and when compared w i t h  17.8% per hour a t  900°C t h e  apparent o v e r a l l  a c t i v a t i o n  
energ ies  were 58.3 and 56.0 K c a l  p e r  mole, respec t ive ly .  

The two runs a t  850" w i t h  E l k o l  coke gave r e a c t i v i t i e s  o f  6.5 and 7.1% per 

E .  V a r i a t i o n  o f  Pore Surface w i t h  Burnof f  

Pore sur face  areas and p a r t i c l e  d e n s i t i e s  were determined f o r  500 mg samples o f  
E l k o l  c a l c i n a t e  which had reac ted  w i t h  COP f o r  var ious  lengths  o f  t ime i n  the  r e a c t i v i t y  
apparatus. The f i r s t  p a r t  o f  Table I l l  shows these data.  Th is  carbon had been heated 
o n l y  t o  800°C 
uously w i t h  bu rno f f ,  as was the  case for the  i lun-heat-treatedi i  carbon i n  F igure  5 .  

be fo re  undergoing reac t i on ,  so t h a t  the  r a t e  o f  r e a c t i o n  decreased con t in -  

The s p e c i f i c  sur face  o f  t h e  carbon increased more o r  l ess  cont inuous ly  w i t h  
hiirnnff, hi j t  when the ~ ! r ' f z ~ ~  z r p i  *..!zc bz=e< 0:: ! I--- >, "11, -4  " I  - - : - : - - I  "I I .J I I,-, - - - - I -  J s a , , q J  I b, L-c--- Y C I  "I r re- 
a c t i o n  (Column 6), i t  went through a maximum a t  about 35% b u r n o f f .  The data, p l o t t e d  
i n  F igu re  6, show t h a t  t he  su r face  of a sample r i s e s  r a p i d l y  t o  a maximum and then f a l l s  
o f f  as carbon i s  consumed. Probably, d u r i n g  the  i n i t i a l  stages o f  reac t ion ,  a d d i t i o n a l  
pore sur face  i s  ve ry  q u i c k l y  made a v a i l a b l e  by e ros ion  o f  c o n s t r i c t i o n s ,  and perhaps by 
enlargement o f  v e r y  f i n e  pores. However, du r ing  the  l a t e r  p a r t  of the  react ion,  beyond 
35 t o  40% burno f f ,  pore su r face  i s  destroyed more r a p i d l y  than i t  i s  created, most l i k e l y  
by consumption o f  w a l l s  separa t ing  f i n e  pores. 

It i s  conceivable t h a t  the  ac tua l  sur face  access ib le  t o  the carbon d iox ide  o r  
steam a t  r e a c t i o n  cond i t i ons  d i f f e r s  g r e a t l y  from t h a t  measured by adso rp t i on  o f  n i t r o g e n  
a t  78°K. However, i t  i s  hard  t o  imagine t h a t  the pore sur face  a v a i l a b l e  t o  the  reac tan t  
gas can do any th ing  bu t  increase d u r i n g  the  f i r s t  IO t o  20% o f  b u r n o f f .  
p a r t  o f  t h e  reac t ion ,  t he  r a t e  e i t h e r  remains e s s e n t i a l l y  constant,  o r  decreases gradu- 

During t h i s -  

a l l y .  

Thus d u r i n g  t h e  course o f  r e a c t i o n  o f  a p a r t i c u l a r  sample o f  carbon the re  seems t o  
be no c o r r e l a t i o n  between r e a c t i o n  r a t e  and pore sur face  area. 

loss c a l c u l a t e d  from the p a r t i c l e  d e n s i t i e s ,  which assum 
on the  i n t e r n a l  pore  surface. The d i f f e r e n c e  between t h  

The percent i n t e r n a l  r e a c t i o n  from the  I 'ast  column i n  Table I l l  g ives  the  weight 
s t h a t  a l l  r e a c t i o n  takes p lace  
s f i g u r e  and the  ac tua l  weight 



T ime 
Reacted 

Hin.  

0 
15 
30 
45 
60 
75 
90 

105 
120 
135 
150 
165 
180 
210 
240 
2 70 
300 

0 
30 
45 
60 
75 
75 
90 
90 

105 
105 
105 
120 
120 
135 
135 
150 
150 
165 
165 
180 
180 
180 
180 

TABLE I1 I 

V a r i a t i o n  o f  Pore Surface w i t h  Burnoff 

3 51 

Overa l l  P a r t i c l e  Overa 1 I Spec i f i c  sur face* i n  t e  rna 1 * 
U t .  Loss Density Rate  Surface Per  Gm. React ion 

% gm/cc Whr  m2/gm S t a r t i n g  % 
M a t e r i a l  

m2/gm 

Calc ined Elkol Coal -20+30 Mesh Reacted w i t h  C02 
i n  R e a c t i v i t y  Apparatus a t  900°C 

0 
5.7 

10.0 
13.9 
18.2 
21.8 
25.9 
27.4 
32.0 
34.8 
40.7 
41.2 
44.1 
44.5 
58.9 
60.2 
63.1 

.935 

.934 

.815 

.765 

.72 1 

.737 

.681 

.686 

.655 

.639 

.605 

.625 

.618 

.530 

.510 

.549 

- 20.7 
20.0 
18.5 
18.2 
17.4 
17.3 
15.7 
16.0 
13.9 
16.2 
15.0 
14.7 
12.7 
14.7 
13.4 
12.6 

190 
453 
592 
642 
760 
790 
930 
975 
982 

1165 
1180 
1229 
1158 
1108 
1501 
1581 
1426 

190 
430 
534 
552 
622 
616 
689 
707 
668 
770 
700 
72 1 
646 
615 
616 
62 5 
526 

Calcined Elkol  Coal -6+10 Mesh Reacted w i t h  Steam 
i n  F l u i d  Bed a t  750°C 

0 ,965 I39  139 
8.0 .908 16.0 560 515 

13.0 -873 17.4 559 485 
20.0 .817 20.0 743 596 
23.5 .835 18.8 80 1 612 
21.5 .767 17.2 798 628 
26.5 .702 17.7 792 583 
28.5 .760 19.0 784 56 1 
34.5 .649 19.7 942 619 
32.5 ,711 18.6 899 608 
33.5 .731 19.2 830 552 
35.0 .693 17.5 91 1 592 
37.5 .678 18.8 712 445 
43.5 .579 19.3 893 504 
43.0 .645 19.1 933 532 
48.0 .586 19.2 91 1 475 
45.0 .588 18.0 968 532 
51.2 .615 18.6 907 442 
49.9 .494 18.1 1100 55 1 
55.5 .527 18.5 964 429 
52.0 .567 17.3 1064 51 1 
56.6 .589 18.9 945 409 
51.5 552 17.2 942 457 

3; (Spec i f i c  Surface) (IO0 - % w t .  Ioss)/\OO, *: 1 - (par t .  d e n s i t y ) / ( i n i t i a l  p a r t .  dens i ty)  

12.8 
18.2 
22.9 
21.2 
27.1 
26.6 
30.0 
31.7 
35.3 
33.1 
33.8 
43.3 
45.5 
41.3 

5.9 
9.5 

15.2 
13.5 
20.5 
27.1 
21 . I  
32.7 
26.1 
24.1 
28.1 
29.7 
40.0 
33.1 
39.2 
39.0 
36.2 
38.8 
35.4 
41.3 
39.0 
42.8 

!: 
11 
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loss represents carbon consumed on  the  ou ts ides  o f  the  p a r t i c l e s .  
a re  somewhat e r r a t i c ,  rough ly  85% o f  the  r e a c t i o n  took  p lace  on the i n t e r a l  surface up 
t o  40% burnof f .  

Al though the  data 

The second set of  da ta  i n  Table I l l  r e f e r s  t o  -6+10 mesh E l k o l  c a l c i n a t e  re -  
ac ted  w i t h  steam a t  750°C i n  t h e  f l u i d i z e d  bed. Here, a t  a lower temperature, t he  r a t e  
o f  r e a c t i o n  o f  'nun-heat-treated carbon" i s  ve ry  n e a r l y  constant at 18.2yJhr w i t h  95% 
confidence 1 i m i t s  of + I  .OyJhr. (These measurements a r e  l ess  prec ise . )  I n  t h i s  case 
a lso ,  the  pore  surface increases t o  a maximum a t  about 30% weight loss, and then de- 
creases. Since the re  i s  some a t t r i t i o n  i n  t h e  f l u i d  bed, p a r t i c u l a r l y  a t  h igh  bu rno f f ,  
t he  amount o f  i n t e r n a l  r e a c t i o n  i s  q u i t e  a b i t  l ess  than t h a t  i nd i ca ted  by t h e  ac tua l  
weight loss. . b  

V .  Discuss ion  

A. Var iab les  a f f e c t i n g  r e a c t i v i t y  

Several observat ions i n d i c a t e  t h a t  mass t r a n s f e r  i s  no t  a major f a c t o r  l i m i t i n g  
t h e  r a t e  o f  reac t i on  i n  t h i s  work. F i r s t ,  t he  f a c t  t h a t  a f i v e  f o l d  range o f  p a r t i c l e  
s izes  had no apparent in f luence argues t h a t  d i f f u s i o n  w i t h i n  t h e  pores o f  the  p a r t i c l e s  
and d i f f u s i o n  from the vo ids  i n  t h e  sample bed t o  the  sur face  o f  the p a r t i c l e s  d i d  no t  
cause a s i g n i f i c a n t  concen t ra t i on  grad ien t ,  and t h a t  there fore ,  the concent ra t ions  o f  
carbon d i o x i d e  and carbon monoxide i n  the  vo ids  between p a r t i c l e s  must be e s s e n t i a l l y  
the  same as a t  t h e  pore sur faces  where r e a c t i o n  takes place. 

Second, the o v e r a l l  a c t i v a t i o n  energy o f  56 t o  58 K c a l  i s  t oo  l a r g e  f o r  d i f f u -  
s i o n  t o  t h e  p a r t i c l e s  t o  c o n t r o l  t he  rate,  even though t h i s  a c t i v a t i o n  energy was de ter -  
mined between o n l y  two temperatures, and most o f  the  data p e r t a i n  t o  the  h ighe r  tempera- 
t u r e  

Another fac to r  which suggests t h a t  ex te rna l  or f i l m  d i f f u s i o n  does no t  govern 
t h e  r a t e  i s  t h a t  the observed r a t e s  o f  reac t i on  v a r i e d  f rom 70% per hour t o  4% per  hour 
depending o n l y  upon the  c h a r a c t e r i s t i c s  o f  the  carbon. 
v i t i e s  any e f f e c t s  on the d i f f u s i o n  r a t e  to  and from the  p a r t i c l e s  by the  geometry o f  
t h e  apparatus o r  the p a t t e r n  o f  gas f l o w  should have been unchanged. 

Thus, over  t h i s  range o f  r e a c t i -  

Al though d i f f u s i o n  of gas e i t h e r  t o  the  p a r t i c l e s  o r  w i t h i n  t h e i r  pores does 
no t  appear t o  s t r o n g l y  a f f e c t  t h e  r a t e  of r e a c t i o n  here, i t s  e t t e c t  may no t  be n e g i i g i b i e ,  
p a r t i c u l a r l y  a t  the higher ra tes .  I f  f i l m  d i f f u s i o n ,  pore d i f f u s i o n ,  and chemical reac t i on  
a t  the  pore sur face  are  regarded as th ree  res is tances  t o  r e a c t i o n  arranged i n  ser ies ,  
l ower ing  one resistance, as when t h e  pore sur face  becomes more reac t ive ,  increases the  
r e l a t i v e  s i g n i f i c a n c e  o f  t h e  o the rs .  

The importance o f  pore  d i f f u s i o n  i s  undoubtedly a f f e c t e d  by the  p o r e  s t r u c t u r e .  
I f a carbon i s  ve ry  dense, and has o n l y  very  f i n e  pores, i t s  pe rmeab i l i t y  t o  the reactant 
gas may very  w e l l  be so low t h a t  r e a c t i o n  o n l y  takes p lace  near the ex te rna l  sur face  o f  
t h e  p a r t i c l e s .  Thus the  pore s t r u c t u r e  (pe rmeab i l i t y  as w e l l  as pore su r face  area) 
might ve ry  w e l l  in f luence measured values o f  r e a c t i v i t y  i n  t h i s  apparatus. 

, A f u r t h e r ,  and most 1 i k e l y  the  predominant, phys ica l  f a c t o r  i n f l u e n c i n g  t h e  
va lues  o f  these reac t i on  ra tes  i s  t h a t  the  samples were probab ly  not isothermal.  A t  a 
r a t e  o f  20% per  hour, the  endothermic r e a c t i o n  o f  carbon d i o x i d e  requ i res  about 360 
c a l o r i e s  p e r  hour f o r  a 1/2 gram o f  carbon. Assuming t h a t  t h i s  heat i s  t r a n s f e r r e d  
p r i n c i p a l l y  by rad ia t i on ,  t he  su r face  of the  sample was probab ly  2" t o  4°C l ess  than 
t h e  measured temperature i n s i d e  t h e  reac t i on  tube. 
c a l  such a d i f fe rence i n  temperature would lower the  r a t e  by a f a c t o r  of 4 t o  8%. 
c o o l i n g  e f f e c t  would be more pronounced w i t h  t h e  l a rge r  samples and a t  the  lower gas 

Wi th  an a c t i v a t i o n  energy o f  58 K 
This 
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v e l o c i t i e s .  Therefore, t he  ac tua l  sample temperature and thus the  measured reac t i on  
r a t e  would be somewhat lower f o r  l a rge r  samples and lower gas f lows, as was observed. 

The net r e s u l t  o f  a l l  o f  these f a c t o r s  i s  t ha t  w h i l e  t h i s  procedure does i n d i -  
ca te  s i g n i f i c a n t  d i f f e rences  i n  r e a c t i v i t y  among var ious  samples o f  carbon, the  measured 
values a r e  somewhat compressed. A t  the  h igher  ra tes  of reac t i on  the  combined r e t a r d i n g  
e f f e c t s  o f  d i f f u s i o n ,  carbon monoxide, and a somewhat lowered sample temperature g i v e  
a measured va lue  o f  t he  r e a c t i v i t y  which i s  less  than would be t h e  case i f  the  sample were 
r e a c t i n g  under the  same ac tua l  cond i t i ons  as one w i t h  a lower r e a c t i v i t y .  A t  the lower 
ra tes  o f  reac t i on  these i n h i b i t i n g  in f luences  are  not so l a rge  s ince  concen t ra t i on  
d i f f e rences  between the  sample and the  main stream o f  t he  gas are  less, as a re  tempera- 
t u r e  d i f f e rences .  Thus these d i f f e r i n g  values o f  r e a c t i v i t y  must be i n t e r p r e t e d  as 
o c c u r r i n g  under cond i t i ons  o f  r e a c t i o n  which a r e  no t  e x a c t l y  s i m i l a r  and where the  
h ighe r  r a t e s  have taken p lace  under l Islowerl1 cond i t i ons  so t h a t  t h e  t r u e  d i f f e rences  i n  
r e a c t i v i t y  a re  a c t u a l l y  somewhat g rea te r  than those repor ted  here. 

B. Concentrat ion  Gradient Ins ide  P a r t i c l e s  

Since, w i t h  the  E l k o l  Coke, v a r i a t i o n  o f  p a r t i c l e  s i ze  f rom about 2.5 to .5 
 IT^ d i d  n o t  i n f l uence  the  measured r e a c t i v i t y ,  one might conclude t h a t  r e a c t i o n  occurred 
e n t i r e l y  w i t h i n  Zone 1 (5) - t h a t  i s  u n i f o r m l y  throughout the  p a r t i c l e s ,  w i t h  a n e g l i g i -  
b l e  r a d i a l  g rad ien t  i n  the  concen t ra t i on  o f  C02. 

However, the  p a r t i c l e  d e n s i t i e s  repor ted  i n  Table I l l  f o r  E l k o l  c a l c i n a t e  show 
t h e  percent  o f  i n t e r n a l  r e a c t i o n  t o  be c o n s i s t e n t l y  less  than the  o v e r a l l  weight loss, 
which suggests t h a t  r e a c t i o n  i s  n o t  un i fo rm throughout t h e  p a r t i c l e .  

In  the  case of E l k o l  ca l c ina te ,  macro-pore volume measurements by  displacement 
o f  Hg up t o  5000 p s i  show a p o r o s i t y  o f  28% i n  pores l a r g e r  than 350A i n  diam. About 
two- th i rds  o f  t h i s  p o r o s i t y  i s  i n  pore s i zes  between 3000 and 30,000A. If these la rge  
pores a r e  regarded as a r t e r i e s  which conduct gas t o  c e l l s  where t h e  pores a re  much 
f i n e r  ( t h e  mean diameter o f  t he  pores less  than 350A diam. i s  25 t o  30A), i t  should be 
p o s s i b l e  t o  es t imate  whether a s i g n i f i c a n t  r a d i a l  concent ra t ion  g rad ien t  occurs i n  these 
pores. 

From dens i t y  p r o f i l e s  o f  carbon rods exposed t o  C02 f o r  va r ious  t imes a t  several  
temperatures, Walker and ' coworkers  (6,7) concluded t h a t  the  dimensionless group 

(&)(g) 
i n  Zone I, o r  Zone 1 1  where the  C02 i s  a l l  consumed before i t  can d i f f u s e  t o  the center  
o f  a p a r t i c l e .  Here R i s  t he  p a r t i c l e  rad ius ;  CR t he  reac tan t  concen t ra t i on  i n  the  main 
stream; dn/dt the  o v e r a l l  r eac t i on  r a t e  per u n i t  p a r t i c l e  ex te rna l  sur face ;  and Deff the  
e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  o f  C02 w i t h i n  the p a r t i c l e ,  a l l  these terms being i n  con- 
s i s t e n t  u n i t s .  De f f  equals D t / &  , where D i s  t h e  d i f f u s i o n  c o e f f i c i e n t  i n  a s i n g l e  
cy1 i n d r i c a l  pore; Y ,  the  t o r t u o s i t y  f a c t o r  (est imated a t  20); and the  f r a c t i o n  o f  the 
ex te rna l  p a r t i c l e  sur face  covered w i t h  pore  openings - est imated t o  be l / 3  the volume 
p o r o s i t y  f o r  pores 3000 t o  3O,OOO A i n  diam. 

i s  a measure o f  whether reac t i on  occurs un i fo rm ly  throughout the  p a r t i c l e  

Assuming spher ica l  p a r t i c l e s ,  a f i r s t  o rde r  reac t ion ,  and no i n h i b i t i o n  by pro-  
ducts,  i f  (R/CR Deff)  (dn/dt) i s  l ess  than .03, reac t i on  should be i n  Zone I; i f  g rea te r  
than 6.0, the  cond i t i ons  o f  Zone I1 apply. 

Using data from Table I l l  and 3000 A f o r  lllargell pore diameters, est imates of  
t h i s  dimensionless group vary from .8 t o  2.4, which i nd i ca tes  t h a t  w h i l e  reac t i on  occurs 
throughout a p a r t i c l e ,  i t  does so t o  a g rea te r  ex ten t  c lose  t o  the  ex te rna l  surface -- 
t h a t  i s ,  the  c o n d i t i o n  i s  between Zones I and 1 1 .  

A ques t ion  remains concerning the l lcel Is l l  of  f i n e  pores surrounded bv the  n e t -  
work o f  l a rge  a r t e r i a l  channels. If i h e  dimensionless group (cR R Deff) (!!E) i s  set  equal 
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t o  .Os, which i s  i t s  maximum va lue  i f  the cond i t i ons  o f  Zone I (un i fo rm reac t i on )  apply,  
the  e q u a l i t y  can be solved f o r  R, t he  maximum p a r t i c l e  o r  ' I ce l l l ' r ad ius  f o r  un i fo rm reac t i on .  
Es t ima t ing  values f o r  CR, D e f f  (Knudsen d i f f u s i o n  occurs i n  pores 25A diameter)  and 
dn/dt (a f u n c t i o n  o f  R) ,  and s o l v i n g  f o r  R g i ves  a value o f  .014 cm f o r  the c a l c i n a t e  
used i n  the  f i r s t  p a r t  o f  Table 1 1 1 .  Th is  g ives  a l l ce l I1 l  diameter which i s  about h a l f  
a p a r t i c l e  d iameter .  
pores, i t  i s  the concen t ra t i on  g rad ien ts  i n  the l a r g e  a r t e r i a l  pores which must be 
respons ib le  f o r  non-uniform reac t i on .  

Since a l k e l l l l  o f  t h i s  s i ze  must s u r e l y  be permeated by the  l a rge  

. .  C. The Constant Rate of React ion  

Figures 2, 3, 4, and 5 show t h a t  f o r  heat t r e a t e d  carbons, t he  weight- t ime p l o t  
du r ing  a cons iderab le  p o r t i o n  o f  r e a c t i o n  i s  very c lose  t o  a s t r a i g h t  l i n e .  

The f a c t  t h a t  t he  k i n e t i c  o rder  o f  carbon can be zero  a f t e r  1 o r  2% bu rno f f  has 
o f t e n  been observed before (8,9). The carbons discussed here were a l l  exposed t o  some 
C02 o r  steam a t  800°-9000c i n  t h e i r  p repara t ion ,  so t h i s  i n i t i a l  b u r n o f f  undoubtedly 
occurred p r i o r  t o  these r e a c t i v i t y  measurements. 

I t  i s  o f  p a r t i c u l a r  i n t e r e s t  t o  no te  t h a t  wh i l e  the  r e a c t i o n  r a t e  i s  e i t h e r  con- 
s t a n t  o r  s low ly  decreasing, t h e  po re  su r face  f i r s t  r i ses  r a p i d l y ,  and then decreases. 
The data f o r  E l k o l  Ca lc ina te  of Tab le  I l l  a r e  p l o t t e d  i n  F igure  6. 

F o r t y  years ago, Chaney and co-workers es tab l i shed  t h a t  t he  pore su r face  as 
man i fes ted  by adsorp t ive  capac i t y  f o r  vapors f i r s t  r i s e s  t o  a maximum and then f a l l s  
o f f  as a g iven sample o f  carbon undergoes a c t i v a t i o n  (IO). 

Thus the re  i s  apparent ly  no r e l a t i o n  between a carbon 's  pore sur face  area and 
i t s  r a t e  o f  r e a c t i o n  w i t h  CO2 o r  steam as a p a r t i c u l a r  sample undergoes reac t ion .  Even 
though pores may be a v a i l a b l e  t o  t h e  r e a c t i n g  gas a t  75O"-90O0C which are  no t  coated by 
n i t r o g e n  a t  low temperature i n  t h e  sur face  area de terminat ions ,  the  ex ten t  o f  pore sur -  
face and i t s  a c c e s s i b i l i t y  must c e r t a i n l y  increase du r ing  t h e  f i r s t  IO t o  20% o f  reac t ion .  

With the  a v a i l a b l e  su r face  changing as i t  does, the constancy o f  the  r e a c t i o n  
r a t e  o f  these s t a b i l i z e d  carbons i s  p a r t i c u l a r l y  s t r i k i n g .  The exp lana t ion  o f  a con- 
s t a n t  "po ros i t y  p r o f i l e f 1 ,  which m i g h t  w e l l  app ly  under cond i t i ons  of Zone I I  (6) does 
n o t  seem t o  app ly  here, where r e a c t i o n  i s  o c c u r r i n q  throuqhout the  p a r t i c l e s .  

I n  t h e  reac t i on  mechanism se t  f o r t h  by Ergun ( 1 1 )  an oxygen atom adsorbed on 
t he  carbon sur face  goes o f f  as carbon monoxide and leaves behind e i t h e r  one, two o r  no 
a c t i v e  s i t e s  on the  carbon. In  t h e  present case a s i n g l e  a c t i v e  s i t e  must be l e f t  be- 
h i n d  on t h e  s t a b i l i z e d  carbon t o  g i v e  a r a t e  o f  r e a c t i o n  so n e a r l y  constant.  
constant r a t e  i s  s t rong evidence t h a t  f o r  a carbon s t a b i l i z e d  by heat t reatment,  reac t i on  
of a molecule o f  C02 o r  H20 w i t h  an a c t i v e  s i t e  on the  s o l i d  t o  g i v e  an adsorbed atom o f  
oxygen, and the  subsequent evapora t i on  o f  CO from t h i s  s i t e  must preserve o r  rep lace  the 
a c t i v e  s i t e  somehow. Thus when one a c t i v e  s i t e  reacts,  another i s  regenerated i n  i t s  
place, so t h a t  t he  number of a c t i v e  s i t e s  remains v i r t u a l l y  t h e  same as r e a c t i o n  proceeds. 

Th is  p i c t u r e  i s  a reasonable one. A r e a c t i v e  s i t e  p robab ly  invo lves  an atom on 
an edge or a corner having one o r  more h igh  energy bonds (12) ;  when t h i s  atom i s  removed 
one of i t s  neighbors would ve ry  1 i k e l y  be l e f t  s i m i l a r l y  s i t ua ted .  

T h i s  

Studies of  e l e c t r o n  sp in  resonance have shown t h a t  carbons which have been 
heated t o  over 800°C have v e r y  few unpaired e lec t rons  ( a t  room temperature) so t h a t  the 
a c t i v e  s i t e  i s  p robab ly  no t  a su r face  f r e e  r a d i c a l .  Harker and co-workers (13) be l i eve  
t h a t  i n  impure carbons, su r face  s i t e s  i n v o l v i n g  hydrogen o r  m e t a l l i c  i m p u r i t i e s  c o n t r i -  
bu te  more t o  the  r e a c t i v i t y  than do unpa i red  e lec t rons .  Perhaps the  hydrogen and metal 
con ten ts  a re  s u f f i c i e n t l y  s t a b l e  i n  carbon a t  900°C a f t e r  t reatment a t  1000" o r  1100" so 
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t h a t  t he  number o f  atoms o f  each remains constant  du r ing  a l a r g e  p a r t  o f  the reac t i on .  
I t  seems unl  i k e l y ,  however, t h a t  the hydrogen content  would remain so p r e c i s e l y  constant 
d u r i n g  o x i d a t i o n  by CO2,  so a constant  l e v e l  o f  c a t a l y t i c  m e t a l l i c  i m p u r i t i e s  du r ing  the 
r e a c t i o n  appears t o  be a p o s s i b i l i t y  f o r  e x p l a i n i n g  the constant  ra tes .  This explana- 
t i o n  would demand t h a t  a l l s tab le l l  a c t i v e  s i t e  be associated o r  coupled w i t h  such an 
impur i t y ,  and i t  i s  c e r t a i n l y  reasonable t h a t  a carbon atom on t h e  edge o f  a g r a p h i t i c  
c r y s t a l l i t e  might exchange e lec t rons  w i t h  a m e t a l l i c  atom c o n t a c t i n g  the same c r y s t a l -  
1 i te.  

. 
I 
\ 

'> 

c. 

\ 
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D .  E f f e c t  o f  Thermal Treatment 

Amorphous carbons u s u a l l y  (but no t  always) become less  r e a c t i v e  upon heat  t r e a t -  
ment. The loss i n  r e a c t i v i t y  w i t h  heat t reatment  shown i n  F igu re  7 i s  t he re fo re  t o  be 
expected. The f a c t  t h a t  r e a c t i v i t y  p l o t t e d  vs. t ime o f  heat t reatment g ives ve ry  
roughly  a s t r a i g h t  l i n e  on l o g  log coord inates as i n  F igu re  7, shows t h a t  heat t r e a t -  
ment decreases the r e a c t i v i t y  q u i t e  r a p i d l y  a t  f i r s t  and ve ry  much more s low ly  as the 
t ime o f  t reatment i s  extended. The thermal soaking would be expected t o  permi t  l o c a l  
rearrangements or r e c r y s t a l i z a t i o n  o f  the carbon to  anneal p o i n t s  o f  s t r a i n  o r  perhaps 
t o  a l l o w  edge carbon atoms t o  o r i e n t  themselves i n t o  a g r a p h i t i c  s t r u c t u r e .  Less re-  
a c t i v e  s i t e s  or perhaps i s o l a t e d  d i s l o c a t i o n s  cou ld  be expected t o  s t a b i l i z e  themselves 
more s low ly .  A t  1000" or 1100°C g r a p h i t i z a t i o n  o f  an amorphous carbon ha rd l y  proceeds 
a t  a l l ,  and x- ray d i f f r a c t i o n  p a t t e r n s ' o f  some o f  these heat t r e a t e d  carbons d i d  not  
d i f f e r  s i g n i f i c a n t l y  f rom those o f  t h e  Ilunsoaked'l coke. Thus, w h i l e  no gross r e c r y s t a l i -  
z a t i o n  occurred i n  these heat t reatments,  i t  i s  l o g i c a l  t o  expect t h a t  ve ry  l o c a l  r e -  
arrangements may have s t a b i  1 ized the carbon. 

F igu re  5 shows t h a t  t h e  r a t e  o f  r e a c t i o n  o f  t h e  un t rea ted  o r  unheated E l k o l  
coke f a l l s  o f f  w i t h i n  2% hours t o  about the  same r a t e  as coke which had been heat 
t r e a t e d  a t  1000" for seven hours. Th is  decrease i n  r a t e  o f  t he  un t rea ted  sample i s  too 
much t o  e x p l a i n  by t h e  e f f e c t  o f  the thermal t reatment  alone. Ne i the r  w i l l  r e a c t i o n  o f  
b inde r  carbon i n  t h e  b r i q u e t t e d  coke a t  a f a s t e r  r a t e  than carbon f r o m  the p a r t i c l e s  , 

e x p l a i n  t h i s  decrease, s ince  the ca l c ined  coal  p a r t i c l e s  f o l l o w  p r a c t i c a l l y  t h e  same 
r e a c t i o n  paths as the coke. (See Table I l l . )  

I f  a c t i v e  s i t e s  a r e  regenerated d u r i n g  r e a c t i o n  they must m ig ra te  around the 
sur face o f  t he  carbon s o  t h a t  occas iona l l y  an adjacent  carbon atom might a l ready  be 
a c t i v e  and t h e r e f o r e  b o t h  a c t i v e  s i t e s  might  no t  be regenerated on reac t i on .  However, 
w h i l e  t h i s  f a c t o r  cou ld  ve ry  w e l l  be apprec iab le i n  the  l a t e r  stages o f  reac t i on  i t  
apparen t l y  i s  no t  of importance i n  the  heat t r e a t e d  samples and t h e r e f o r  i t  i s  hard t o  
see why i t  might be s i g n i f i c a n t  i n  t h e  un t rea ted  cases. 

One p o s s i b l e  exp lana t ion  f o r  the decrease i n  r a t e  w i t h  u n s t a b i l i z e d  carbon 
cou ld  be t h a t  t he re  a r e  several  types o f  r e a c t i v e  s i t e s ,  some o f  which a r e  much less  
s t a b l e  and more r e a c t i v e  than o the rs .  Th is  concept a c t u a l l y  i s  h i g h l y  l i k e l y  and has 
o f t e n  been c i t e d .  These more r e a c t i v e  s i t e s  would be those more r e a d i l y  annealed by 
the heat t r e a t i n g  process and i f  they a r e  not  always regenerated on r e a c t i o n  b u t  in-  
s tead a r e  replaced by less a c t i v e  s i t e s ,  t he  r a p i d  loss i n  r e a c t i v i t y  o f  t he  un t rea ted  
sample cou ld  be expla ined.  Thus the heat t r e a t e d  samples would probably  con ta in  no t  
o n l y  fewer r e a c t i v e  s i t e s  b u t  a l s o  s i t e s  which a r e  of  a lower and more uni form order  
o f  r e a c t i v i t y  and which a r e  apparen t l y  regenerated i n  k i n d  by g a s i f i c a t i o n .  

As another p o s s i b i l i t y ,  s t a b l e  s i t e s  might  be those associated w i t h  m e t a l l i c  
impur i t i es ,  w h i l e  l ess  s tab le,  non-regenerated s i t e s  might  be those s o l i d  de fec ts  t h a t  
a r e  r e a d i l y  healed by anneal ing.  

V I .  Sumnary 

The p r i n c i p a l  f i n d i n g  o f  t h i s  work i s  t h a t  a carbon s t a b i l i z e d  by s u i t a b l e  thermal 
t reatment reac ts  w i t h  carbon d iox ide  a t  v e r y  n e a r l y  a constant  r a t e  d u r i n g  the consump- 
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t i o n  o f  a major p o r t i o n  of  t h e  sample. Th is  occurs under cond i t i ons  where the  over-lI 
r a t e  o f  r e a c t i o n  i s  l a r g e l y  governed by the  chemical step. 

Th is  constant reac t i on  r a t e  s t r o n g l y  suggests t h a t  every ' t ime a r e a c t i v e  atom of 
carbon leaves the  s o l i d  s t a t e  as carbon monoxide, another carbon atom i s  made r e a c t i v e .  
Thus, d u r i n g  the  course o f  o x i d a t i o n  the  chemical s t a t e  o f  t h e  carbon sur face  remains 
cons tan t  even though the phys i ca l  s t a t e  (shape and sur face  area) changes. 

Wi th  the  uns tab le  carbons the r e a c t i o n  r a t e  f a l l s - o f f  f a s t e r  d u r i n g  r e a c t i o n  than 
d u r i n g  heat t reatment alone. There fore  the  chemical s t a t e  o f  these carbons must change 
d u r i n g  the  course o f  reac t ion .  A poss ib le  hypothesis suggests tha t  when a h i g h l y  re -  
a c t i v e  s i t e  i s  removed from t h e  s o l i d  ma t r i x ,  i t  leaves behind a less  r e a c t i v e  s i t e  so 
t h a t  t he  carbon s t a b i l i z e s  as r e a c t i o n  proceeds. 

I t  i s  a p leasure  to acknowledge tha t  t h i s  work was supported by FMC Corporat ion,  
and t o  thank J. Work, R. T. Joseph, J. A. Robertson, and C. H. Hopkins o f  FMC f o r  many 
h e l p f u l  suggestions. 
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, joined to the t u b e  b y  a kovar-glass  seal. The removable half of the flange has  
a g la s s  feed-through insulator for the tungsten ignition wi re  (Fig.  2). This entire 
flange assembly and lower end of the tube is submerged in the 200 G sil icone oil 

t 

:\ 
\ ' bath to  in su re  the g a s e s  reaching a uniform temperature.  

I 

J 

EFFECT O F  INHIBITORS ON FLAMMABILITY 
O F  HEPTANE-AIR MIXTURES 

H. Landesman and J. E. Basinski 

National Engineering Science Company, Pasadena, Calif. 

263  

A l a rge  scale investigation of the effect of inhibitors on flammabili t ies of 
heptane-air  mixtures has  been reported by workers  a t  Purdue University (2 ) (3 ) .  
The technique involves measuring upward flame propagation a t  various n-heptane 
inhibitor-air  percentages in a standard 4 ft. long, 2 in. diameter tube and plot- 
ting the percentages of extinguishant ve r sus  heptane percentages where mixtures 
are nonflammable. 

1 

' 
A curve such a s  shown in Fig.  1 i s  obtained. 

5 

h 

L 

\ 

With better inhibitors than that shown in F i g .  1, a peak in the flammability 
curve will be obtained a t  a lower perckntage of inhibitor than the 6 mol. percent 
of Fig. 1. 
inhibitor producing nonflammability of heptane-air mixtures and comparisons 
on a weight basis a lso can be obtained. 
fa i r ly  closely the extinguishment capability of the mater ia ls  on actual  t e s t  hep- 
tane or gasoline f i r e s  (3 ) ,  though the re  i s  controversy over the extrapolation of 
data to potential f i r e  extinguishing performance (4). 

This peak percentage may be translated to weight percentages of 

These data have been found to follow 

It was necessary to obtain a pre-f i re  t e s t  screening of extinguishants for 
hydrocarbon f i r e s  which would be stable a t  550°F and have low vapor p r e s s u r e s  
a t  that temperature.  
tion tube apparatus mentioned before. 
p r e s s u r e  inhibitors could not be maintained in the vapor phase with heptane-air  
mixtures  in a conventional ambient temperature  flammability l imit  combustion 
tube (5), it was necessary to design a heated combustion tube in which the f lame 
propagation could s t i l l  be observed. Visibility was necessary for evaluation of 
the inhibitory effects of the candidate extinguishant. 

This screening was accomplished by means of the combus- 
Since high concentrations of low vapor 

Experiments were  ca r r i ed  out a t  sub-atmospheric p r e s s u r e s  to prevent  
explosions or excessive p r e s s u r e s  in the tube. 
been found to be essentially independent of p r e s s u r e s  down to about 200 m m  ( 2 ) .  

Relative inhibitory effects have 

The system is diagrammed in Fig. 2 and photographs a r e  shownoin Figs .  3 
and 4. The gas  containing sections of the apparatus a r e  heated to 200 C to p re -  
vent condensation of the inhibitor. 
baked o,n t ransparent  conductive coating, while the metal  inlet system and the 
p r e s s u r e  gauge a r e  heated by electr ical  tapes. 

The g l a s s  combustion tube is heated by a 
h 

i 

< Partial p r e s s u r e s  of the inhibitor and the heptane are measured direct ly  
I, 
\ 

with a Kern-Springham g la s s  spiral manometer with attached m i r r o r .  
of the spiral deflects the m i r r o r  and the deflection is measured on 'the scale. 

BDtation 

> 
I 

i 
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The spiral  deflection was calibrated to  read  pressures  up to 50 mm against an  
external mercury lnanometer which was  read with a cathetometer. 
of the combined inhibitor-heptane-air mixtures was 300 mm. 

Total p ressure  

For the la rger  a i r  p r e s s u r e s ,  the manometer 18 used a s  a null indicator. 
' 

The desired a i r  p ressure  i s  introduced to the outside of the glass spiral ,  then 
balanced with pre-heated a i r  on the sys tem side. 
sliding perforated d isc ,  which I s  driven by an external magnet. After twenty 
minutes of mixing, the disc was brought to  the top of the tube and the mixture 
sparked. If ignition, a s  evidenced by flame propagation to the top of the tube, 
did not occur,  mixing was continued another five minutes and the mixture 
sparked again. 
percent heptane at 203OC and 300 m m  total p ressure  compared to 6.9 percent a t  
approximately ambient temperature and 300 m m  pressure  ( 2 ) .  The lean l imit  
did not change. 
the s a m e  inhibitors used in the Purdue  work a t  ambient temperatures.  It was 
found that peak percentages for  sym-dibromotetrafluoroethane and for  trifluoro- 
hromomethane increased about 10 - 12 percent with the temperature increase.  
However, since experimental conditions, including mixing t imes  and methods of 
mixing, a r e  considerably different, the comparison has little meaning. It was 
found during this work that changes in these variables led to la rge  differences in 
observed flammability. 

The gases  a r e  mixed by a 

It was  found that the rich limit for heptane-air increased to 8.75 

A few. comparison points were made in this work at 203OC with 

In Figs. 5, 6 ,  7 and 8 a r e  shown flammability plots for the inhibitors evalu- 
ated. 
air-inhibitor ratios. 
a r e  of interest  since these represent  a comparison of the individual molecules' 
effectiveness a s  f lame inhibitors. 
inhibition percentages and the weight this volume percentage represents in 100 
l i t e rs  of a heptane-inhibitor-air mixture. These data a r e  taken f rom peaks of 
the curves previously shown. 

The curves exhibit a variety of shapes and peaks occurring a t  various heptane- 
The significance of this is not known. The peaks of the curves 

In Table I a r e  presented data obtained on peak 

The Purdue University work previously referenced contained a study of the 
effectiveness of 56 compounds as f lame inhibitors, in a combustion tube a t  room 
temperature. 
since their  tube w a s  not heated, they were  unable to tes t  the less volatile mater -  
ials. 
of work of earlier investigators who found that hydrocarbons containing iodine a r e  
better extinguishanta than those containing bromine, which in turn, a r e  better 
than the aliphatic chlorides.  T h e  Purdue  group also found that hydrocarbon com- 
pounds containing only fluorine w e r e  very  poor extinguisliants. The second major 
correlation was the observation that a s  the molecular weight increases the extin- 
guishing ability a l so  increases,  i.e., the peak percentage decreases.  This rela- 
tion, however, is not invariable and i t  i s  not possible to  determine the extinguish- 
ing ability of a molecule f r o m  i t s  molecular,weight alone. 

This study was  car r ied  out a t  a temperature of 203OC, thus, i t  was possible 

F igure  No. 9 is a plot of the peak percentages f r o m  all the Purdue 

This study includes many halogenated hydrocarbons. however. 

Two major correlations e m e r g e  f rom their  work, the f i r s t  18 a confirmation 

to.determine the peak percentages of some higher molecular weight halogenated 
hydrocarbons. 
data plus those determined in this work  a s  a function of molecular weight. The 
situation i s  quite complex. nowever, cine cniorinr cuniaiu& L G A L A ~ U Y ~ . ~ D  q p c ; =  :o 
f o r m  a rough series.  

The general curvature af this line suggests that a straight l ine might occur 
if peak percentage were  plotted'against the inverse  molecular weight. As can be 
seen f r o m  Figs. 10 - 14, this i s  the  case.  
hydrocarbons, the general  trend i s  quite well marked, despite the wide variation 
instructures. 

tionship between peak percentage and inverse molecular weight. The f i r s t  would 
be a purely physical proce'ss in wbicb the extinguishant molecule ac ts  a s  a "third 
body" to  promote f r e e  rad ica l  recombinations. The alternate possibility would be 
to reason that the inverse molecular weight was  related to some chemical property, 
such as bond energy, which was the actual cause of the effectiveness of the extin- 
guishant. At the moment, we a r e  investigating various parameters  in an  attempt 
to discover a rational correlation and explanation d the relation of extinguishant 
ability to the physical properties and chemical structures of the halogenated hydro- 
carbons. 

For a given s e r i e s  of halogenated 

There a r e  two possible explanations that might clarify this re la -  
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I g n i t i o n  C h a r a c t e r i s t i c s  o f  Colorado O i l  Shale  

V. Dean Allred and L.  S. M e r r i l l ,  Jr .  

Marathon O i l  Company, L i t t l e t o n ,  Colorado 

In t roduc t ion  

Spontaneous i g n i t i o n  i s  usua l ly  cha rac t e r i zed  by an ab rup t  ( exponen t i a l )  i n c r e a s e  
i n  temperature  and r e s u l t s  when t h e  ra te  o f  h e a t  production i n  exothermic r e a c t i o n  
exceeds t h e  r a t e  o f  hea t  d i s s i p a t i o n  t o  t h e  surrounding media. 
term spontaneous i g n i t i o n  temperature is app l i ed  t o  those  systems being oxidized 
by a i r .  However, i n  t h i s  paper  t h e  term a p p l i e s  t o  systems using oxygen enriched 
or p a r t i a l l y  dep le t ed  gas  streams. 

Ord ina r i ly  the  

In  a p r a c t i c a l  a p p l i c a t i o n  i t  is important t o  know t h e  i g n i t i o n  c h a r a c t e r i s t i c s  
of o i l  s h a l e  i n  developing an understanding o f  processes  f o r  recovering o i l  from 
o i l  s h a l e s .  This is  p a r t i c u l a r l y  t r u e  wnen using t h e  coun te rcu r ren t  o r  r eve r se  
combustion i n  s i t u  recovery or t he  p a r a l l e l  flow r e t o r t i n g  p rocess  (1, 2 ) .  

The coun te rcu r ren t  combustion process  is  one i n  which t h e  combustion or  ox ida t ion  
zone moves aga ins t  t h e  flow of t h e  i n j e c t e d  gas  stream, Figure 1 shows a schematic 
r ep resen ta t ion  o f  such a process .  To be p r a c t i c a l ,  t h e  combustion zone must pro- 
g r e s s i v e l y  move toward t h e  sou rce  of t h e  oxidant  i n j e c t i o n  a t  such a r a t e  t h a t  o n l y  
a minimum amount o f  f u e l  is consumed and t h e  u s e f u l  products  produced i n  an oxygen 
f r e e  atmosphere. The process  is  somewhat unconventional bu t  has  been denonstrated 
i n  t h e  l abora to ry  as a means o f  producing o i l  from o i l  s h a l e .  

One way of exp la in ing  why t h e  process  works is as fol lows:  A s  i g n i t i o n  of a 
given particle t akes  p l ace ,  it is accompanied by an exponent ia l  temperature  r ise  
which i n  t u r n  causes a r a p i d  i n c r e a s e  i n  combustion ( o x i d a t i o n )  r a t e .  This e f f e c t -  
i v e l y  removes t h e  oxygen f r o m  t h e  surrounding gas  stream, s o  no f u r t h e r  ox ida t ion  
t a k e s  p l ace  a t  t h i s  po in t .  However, hea t  has been t r a n s f e r r e d  t o  t h e  surrounding 
p a r t i c l e s  a s  well as t h e  gas stream. One e f f e c t  is t h a t  p a r t i c l e s  immediately up- 
stream a r e  cont inuously being heated t o  t h e i r  i g n i t i o n  temperature  and t h e  process 
r e p e a t s  i t s e l f  with t h e  combustion zone e f f e c t i v e l y  progressing a g a i n s t  t h e  gas 
flow, 
gas  downstream from t h e  combustion zone. This  provides  an i n e r t  ho t  gas  i n  which 
t h e  hydrocarbon components a r e  e f f e c t i v e l y  d i s t i l l e d  from t h e  s o l i d s .  

Experimental  

Another e f f e c t  is t h a t  t h e  oxypen has  been e f f i c i e n t l y  removed from the  

I n  t h i s  i n v e s t i g a t i o n  t h e  i g n i t i o n  temperatures  were determined i n  a flow-type 
system so t h a t  cond i t ions  would be somewhat comparable t o  t h e  r e t o r t i n g  process.  
The experimental  arrangement is given i n  Figure 2. 

The b a s i c  u n i t  o f  equipment was a small Inconel block fu rnace  containing two 
one-half  inch sample holes .  One,hole  contained t h e  sample and t h e  o t h e r  was f i l l e d  
with an i n e r t  r e f e r e n c e , m a t e r i a l .  A l t e rna te  junc t ions  o f  twelve chromel-alumel 
thermocouples were l o c a t e d  i n  t h e  two ho le s  to  form a' s e n s i t i v e  thermopile  d e t e c t o r .  

Since i g n i t i o n  is  cha rac t e r i zed  by a r a p i d  temperature  rise, t h e  d i f f e r e n t i a l  
thermopile  was used i n  most experiments to  d e t e c t  t h e  temperature  a t  which combustion 
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occurred .  
companied by t h e  simultaneous r e l e a s e  of  carbon d ioxide .  
g a s  s t ream was cont inua l ly  monitored a s  a func t ion  of temperature  w i t h  a d i f f e r -  
e n t i a l  thermal conduct iv i ty  c e l l ,  Both techniques proved equal ly  e f f e c t i v e .  

However, advantage was a l s o  taken of  t h e  f a c t  t h a t  i g n i t i o n  is a l s o  ac- 
I n  t h e  l a t t e r  case ,  t h e  

Determinations we? made i n  a i r  a n d . i n  gas  mixtures  o f  oxygen and n i t r o g e n  
over  a pressure  range from atmospheric  t o  1000 p s i g .  
s i x ,  t h i r t e e n ,  twenty-one, and f i f t y - f i v e  percent  by volume o f  oxygen. 

The E ~ S  mixtures  contained 

I n  a t y p i c a l  experiment, about  two grams of -40 t o  60 mesh o i l  s h a l e  was 
placed i n  t h e  sample hole .  
s h a l e  was placed i n  t h e  r e f e r e n c e  c e l l .  The oxidant  conta in ing  g a s  passed a t  t h e  
same r a t e  through t h e  s h a l e  and t h e  re ference  m a t e r i a l  a t  t h e  pressure  of  t h e  
experiment.  
a t u r e  and d i f f e r e n t i a l  temperature  were recorded by use of e i t h e r  a two-pen o r  an 
x-y recorder .  In  t h e  a l t e r n a t e  d e t e c t i o n  system t h e  of f -gas  was taken from t h e  
c e l l s ,  passed through drying t u b e s  t o  remove water vapor, and then t o  t h e  reference 
and sample s i d e s ,  r e s p e c t i v e l y ,  o f  a thermal  conduct iv i ty  d e t e c t o r .  
was then  cont inuously recorded a s  a f u n c t i o n  of  t h e  sample temperature .  

A similar s i z e d  sample of prev ious ly  pyrolyzed o i l  

The block was hea ted  a t  a uniform rate o f  about 40°F/minute. Temper- 

This  s i g n a l  

1 
Experiment a1 R e s u l t s  I J 

I g n i t i o n  temperatures  a s  a f u n c t i o n  of  oxygen p a r t i a l  p r e s s u r e  f o r  d a t a  cover- 

i 
I) 
1 

ing s e v e r a l  oxygen c o n c e n t r a t i o n s  i n  t h e  g a s  s t ream a r e  t a b u l a t e d  i n  Table I and 
shown i n  Figure 3 .  (Note: These d a t a  are p l o t t e d  with t h e  square  r o o t  of t h e  
oxygen p a r t i a l  p ressure  a s  a c o o r d i n a t e  so t h a t  t h e  s c a l e  could be expanded on 
t h e  low pressure  end and s t i l l  e x t r a p o l a t e d  to zero .  P l o t t i n g  t h e  square  root 
has  no o t h e r  s i g n i f i c a n c e ) .  
t h a t  t h e  i g n i t i o n  temperature  is r e l a t i v e l y  independent o f  to ta l  pressure ,  bu t  
s t r o n g l y  dependent on  t h e  oxygen concent ra t ion .  

From t h e  curve shown i n  Figure 3 i t  is  r e a d i l y  observed 

Other  d a t a  have shown t h a t  lower rates of  supplying t h e  oxygen has  l i t t l e  or 
no e f f e c t  on t h e  i g n i t i o n  tempera ture  as long a s  excess  oxygen is present  f o r  t h e  
combustion r e a c t  ion 

1 

One i n t e r e s t i n g  s e t  of d a t a  a r e  shown i n  Figure 4 .  Of p a r t i c u l a r  i n t e r e s t  . 
a r e  t h e  c h a r a c t e r i s t i c s  o f  t h e  i g n i t i o n  temperatures  a t  p r e s s u r e s  below 100 p s i g  

b u t  d i d  not  result i n  i g n i t i o n .  
n r r c r c  Lnv =,,, ys.pculT y,&a .nsy not-d. Th- S:- -+  ---b - h m . * a A  3 +camnoma+n~mo n i c e  

r - - - - - - -  ---- ..La-- ...-- A ----- _.. .._^ --- 
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These same data a r e  p l o t t e d  as a f u n c t i o n  of  oxygen p a r t i a l  p ressure  i n  
Figure 5, which shows t h e  n a t u r e  o f  t h e  t r a n s i t i o n  reg ion  c l e a r l y .  
t h a t  t h i s  t r a n s i t i o n  reg ion  i s  a s s o c i a t e d  with t h e  well known "cool flame" oxida t ion  
phenomena observed for i g n i t i o n  of many hydrocarbons as a f u n c t i o n  of  pressure .  
For example, Figure 6 shows t h e s e  o i l  s h a l e  d a t a ,  t o g e t h e r  with i g n i t i o n  curves ,  
f o r  n-octane,  i -octane,  and propane ( 3 ,  4 ) .  Natura l ly  one would not  expec t  t h e  
d a t a  to  c o i n c i d e  with t h e s e  p a r t i c u l a r  hydrocarbons,  but  t h e  s i m i l a r i t y  o f  t h e  
shape of t h e  curves and t h e  tempera ture  range is s t r i k i n g .  One p o s s i b l e  i n t e r -  
p r e t a t i o n  of t h i s  behavior  is t h a t  t h e  s h a l e  i g n i t i o n  is a s s o c i a t e d  with g a s  phase 
combustion of hydrocarbons be ing  d i s t i l l e d  out  o f  t h e  o i l  s h a l e .  

Discussion 

I t  is thought 

The ques t ion  a r i s e s  why o i l  s h a l e s  i g n i t e  a t  such low temperatures  when de- 
s t r u c t i v e  d i s t i l l a t i o n  o f  t h e  s h a l e  o i l  does not occur  u n t i l  temperatures  i n  excess  
o f  7OO0F are reached. 

This ques t ion  can p o s s i b l y  be answered by cons ider ing  t h e  f a c t  tha t .Colorado  
o i l  s h a l e  has  f r o m  one t o  t h r e e  percent  by weight (about  t e n  percent  o f  t o t a l  

I 

, 

I 

I 

i 



. TABLE I 

Total Pressure “Oxygen Part ia l  
( p s i )  Pressure ( p s i )  

Gas Composition 
Volume % 

(Air ) 
(21% 02) 

125 
16 2 
21 2 
587 
954 
22.2 
32.2 
32.2 
52.2 
72.2 
26.2 
92.2 
112.0 
212.0 

24 
34 
44 
123 
20 3 
4.7 
6.8 
6.8 

11.0 
15.1 
5.5 

19.4 
23.6 
44.5 

Ignit ion 
Temperature (OF) 

4 50 
435 
4 35 
385 
365 
54 5 
540 
535 
500 
475 
5 30 
465 
455 
425 

(55% 02) 22.2 . 
(45% N2) 11 2 

210 
51 2 
812 . 

12.2 
61.7 
11 6 
281 
44 6 

455 
400 
375 
354 
3 40 

(13% 02) 22.2 2.9 580 
(87% N2) 44.2 5.7 560 

60.2 7.8 500 
110 14.4 495 
167 21.8 453 
594 77.3 395 

22.2 
39.2 
62.2 
11 2 
277 
860 

1.3 
2.4 
3.7 
6.7 
16.6 
51.6 

586 
565 
535 
506 
435 
40 5 

*Data taken a t  gas flow rate  of 1350 standard cubic f e e t  per square foot  of  
cross sect ional  area per hour. 



v i  
o r g a n i c  m a t t e r )  of benzene s o l u b l e  components i n  i t .  A s  shovrn i r i  i l , u r e  7 ,  auoht  
t h e  same weight f r a c t i o n  of o i l  s h a l e  is v o l a t i l e  between 36OoF and 700°F wherr 
analyzed by thennogravimetr ic  ( T G A )  t echn iques .  lhese d a t a  i n d i c a t e  t h a t  v o l a t i l e s  
s t a r t  being evolved i n  an a p p r e c i a b l e  amount a t  about 36OoF, w h i c n  was about  t n c  
same a s  t h e  lowest  s e l f  i g n i t i o n  temperature  observed. Fu r the r ,  t h i s  prel iminary 
evo lu t ion  r eaches  a maximum a t  about  600°F, which is about t h e  n o r r a l  i g n i t i o n  
temperature  i n  a i r  a t  atmospheric p re s su re .  

Based on t h e s e  data, i t  seems very l i k e l y  t h a t  i g n i t i o n  is  a s soc ia t ed  with 
t h e  e v o l u t i o n  of hydrocarbon vapors  f r o m  t h e  o i l  s h a l e  i n  the  temperature range 
360O- 7OOOF. 

Summary 

The self i g n i t i o n  temperature  of  Colorado o i l  s h a l e  has been determined t o  
vary with oxygen concen t r a t ion  from about 63OoF at  atmospheric cond i t ions  t o  36OOF 
a t  high ( abou t  500 p s i )  oxygen p a r t i a l  p re s su re .  

The i g n i t i o n  temperature  is shown t o  correspond c l o s e l y  t o  temperature  range 
du r ing  which organic  vapors evo lve  p r i o r  t o  t h e  onse t  o f  d e s t r u c t i v e  d i s t i l l a t i o n  
of t h e  kerogen i n  t h e  s h a l e ,  
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Figure 1. The Countercurrent Combustion I n  S i tu  Process f o r  Recovering 
Hydrocarbons. 
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Production of. Alcohols f r o m  Olefins i n  Low Temperature C o a l  Tars 

Bernard D. Blaustein, Sol J. Metlin, and I rv ing  Wender 

Pittsburgh C o a l  Research Center, Bureau of Mines 
U. S. Department of t he  I n t e r i o r  

4800 Forbes Avenue, Pittaburgh 13, Fennsylvania 

ABSTRACT 

Olefins cons t i tu te  as much as one-half the neutral  oil obtained by low- 
temperature carbonization of low-rank coals. It is d i f f i c u l t  t o  separate 
these o l e f in s  f r o m  other materials i n  the  tar  f rac t ions .  However, with- 
out a p r io r  separation, a lark frac t ion  of these o le f ins  can be con- 
verted t o  mixtures of primary alcohols by hydroformylation with % + CO 
i n  the  presence of dicobalt  octacarbonyl as a ca ta lys t  (oxo reaction).  
Several neutral  o i l s  were so treated and the alcohols separated v i a  
their borate es te rs .  The highest y i e lds  of alcohols (25 percent by 
weight of s t a r t i ng  material) were obtained from the neut ra l  oil of a 
l i g n i t e  tar. The carbon number d i s t r lbu t ion  of t h e  alcohols was de- 
telmined by mass-spectrometric analysis of the  t r imethyls i ly l  ethers. 
C9- t o  C27-alcohols were produced; an unusually high concentration of 
Cm-alcohols appeared i n  the  products from lower rank coals. Nuclear 
magnetic resonance spectra of the alcohol mixtures showed that an "av- 
erage" molecule contains from 1 t o  3 branched methyl graups. By using 
C l h ,  and assuming that each o l e f in  w i l l  r eac t  with one CO, the percent- 
age of o l e f ins  or ig ina l ly  i n  the tar can be detennined fm the  radio- 
a c t i v i t y  of the  product. 
that no separation of t he  o le f ins ,  or t h e i r  oxo product, need be made. 
By this procedure, the neut ra l  o i l  f r o m  the  l i g n i t e  tar was shown t o  
contain about 50 percent o le f ins .  

An advantage of t h i s  ana ly t i ca l  method is 

INTRODUCTION 

"he high o l e f in i c  content of tars derived f r o m  low temperature carboni- 
zation of lower rank coals is of i n t e r e s t  as a source o f  commercially 
valuable chemicals. However, there is no good way of separating these 
o le f ins  from the other  materials present i n  the  tar f rac t ions .  
(or hydroformylation) reaction o f fe r s  a promising way t o  convert the 
o l e f in s  i n  the tar,  without prior separation, t o  alcohols t h a t  are of 
potential ccmrmercial value a8 detergent and p las t i c i ze r  intermediates. 
The oxo synthesis (1) is the reaction of an o l e f in  with + CO (syn- 
thesis gas)  i n  the presence of dicobalt  octacarbonyl, C a C O ) &  as t h e  
ca ta lys t  t o  y ie ld  a mixture of primary alcohols. 

"he oxo 

! 
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The reaction takes place predorminantly at the temiaal double bond. 

The advantages of using t h i s  reaction t o  convert o le f ins  t o  useful 
products are (a) the o l e f i n s  need not be separated frcmn the tar frac- 
t ions  t o  undergo react ion,  (b) the reaction i s  not poisoned by sulpUr 
comrpounds or any of t h e  other substances in lw-temperature tar, ( c )  
conversion of the o l e f i n s  is high, (a) bring the oxo reaction, any 
internal o le f in ic  bonds migrate t o  the telminal position so that all 
olef ins  react 88 if they  were alpha olefins5 a i l  the olefins i n  tk 
tar, t e d n a l  and in te rna l ,  a r e  thus u t i l i z e d  t o  malre alcohols, and 
(e)  the oxo react ion is quite v e r s a t i l e  ana can be successfully car- 
ried out  under a w i d e  range o f  conditions: gas pressures of 50-400 atm, 
and reaction temperatures of 50-200"C. ; C%(CO)8 can be used either in 
the preformed state, or can be formed during the reaction from a variety 
O f  cobalt  a t e .  

EwERIMEATAt 

Samples of RockdaLe lignite tar were obtained from the Texas Power 
and L i g h t  ccp4pany. 
"methanol eolubles" and "hexane solubles. 
fl&.,-hhr :*=--te< by dLdZk$ior: iztto t>-c =";&tiGii6, 
ubles foreruns (HSF) and the hexane solubles distillate (HSD). The 
t o t a l  hexane solubles cons t i tu te  66 percent of the prjmary tar; the 

t i o n  of the hexane solubles 13 percent. About 98 percent of tk ESF 
boils below 235"C., and 89 percent of t h e  ESD b o i l s  up t o  355°C. The 
cowposition of these f rac t ions  is given in table 1. 

Both f rac t ions  contain approximately 50 percent olefina, of which 
about half are a l ~ h g  olef ins  (2-4). Phenolic campounds and other  con- 
s t i t u e n t s  are a l s o  present i n  both f rac t ions .  
would interfene with our analy t ica l  procedure for determining alcohol 
yield,  t h e y  were removed by chramatograpbing the f rac t ions  on alumina 
with petroleum ether as the e lu t ing  solvent. 
weight of the s t a r t i n g  material was removed i n  this way auring the  
preparation of a "phenol-free" u g n i t e  tar f rac t ion .  

They had separated the whole lignite tar i n t o  
The hexane soluble6 were *- 

7 percent, the HsD 46 pe rcen t ,  and the residue from the distilla- 

Since these phenols 

About 20 percent by 



h 

1 '  

i, 
i ( *  
c 
I 

! 

TAZLE l.-Appmriarate composition of low-temperature tar fractions,  
volume percent 

&me & m e  Kentucw 
solubles solubles Nugget high-splint 
foreruns distillate tar tar 

Type of constituent R o c k d a l e  l i g n i t e  tar d i s t i l l a t e  distillate 

Caustic soluble8 6-8 10-15 44 31 
Acid soluble8 2-4 1-3 3 7 
*utral o i l  88-92 80-90 53 62 
paraffins 13-15 15-20 22 34 
O k f i n a  40-55 40-50 20 21 

Armnatics 30-47 35-45 37 45 
(4w!W=tes 21 

Alpha-olef ins  17-20 . 17-20 

Rugget tar, formed by the low-temperature carbonization of a hvcb-suba 
Uywming coal, y ( ~ 8  also investigated. A sample of t h i s  tar vas d i s t i l l e d  
under MCUUPL t o  1 7 0 ° C / ~  (e s t .  bp 32O0C/76Onm). 
ing a small 5 o u ~ t  of water phase, amounted t o  42.1 percent of the whole 
tar. Repeated chronnrtography finally yielded a phenol-free neutral  o i l  
amounting t o  37.9 percent of the distilfate. A neut ra l  oil derived f rom 
the  low-temperature carbonization of a Kentucky hvab (high s p l i n t )  coal 
was chramatograpkd on alumina t o  eliminate the phenola shorn t o  be pres- 
ent by inffared spectral enalysis. Recovery of phenol-free neutral oil 
was 86.8 percent. 

The alcohols mere separated fmm the oxo products by conversion t o  their 
borate estera (5-8). 
f i c i en t ly  high-boiling tha t  the  non-ester i f ied material can be d i s t i l l e d  
may frcaa the eeters. The esters are hydrolyzed t o  regulerate t h e  alcohols, 
which (up then separated and vacuum d i s t i l l e d ,  resulting i n  an alcohol frac- 
t i on  of high purity.  

The d i s t i l l a t e ,  includ- 

The borate esters formed from the alcohols are suf- 

W H  + H3B03 = (RO)3B + 3 %O 

3 ROH + (C4HF)3B = (RO)3B + 3 C 4 3 O H  

In  8 typicd run, 50 grass of chramatoglaphed (phenol-fipt) HSF, 4 grama 
of Cg(CO)8 and 3500 psi 1:1 apttreeis gas were charged i n t o  a rocking 
kine0 autoclave, heated to 180-lgO'C. and kept there for five hours. 
ThC product wad treated with tri-n-butylborate (equation l ) ,  the non- 
cu te r i f i ed  mterial was (Lietilled off,  the borate eaters were hy&mlyzed 
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(equation 2), and the alcohols were vacuum distilled. 
was an almost water-white alcohol f r ac t ion  i n  25 percent y ie ld ,  
based on the weight of s t a r t i n g  material. 
confirmed by in f r a red  spec t r a l  ana lys i s ,  the only impurity detected 
being a small  amount of a carbonyl compound. To determine the  car- 
bon number d i s t r ibu t ion  of t he  alcohols formed, the t r ime thy l s i ly l  
e the r s  of the alcohols were analyzed by  mass spectrometry ( 9 ) .  The 
results are sham i n  f igu re  1. 

The chmmatographed (phenol-free) HSD was subjected t o  the same re- 
ac t ions  and subsequent procedures for alcohol recovery. 
y ie ld  was ale0 25 percent by weight o f  the s t a r t i n g  material; the 
carbon number d i s t r ibu t ion  data i s  given i n  f igure  2. 
free neutral  o i l  from the Nugget tar  distillate was subjected t o  the  
oxo reaction and the same a lcohol  recovery procedures as those pre- 
viously described for the Rockdale tar. An alcohol y ie ld  of 1 3  per- 
cent was realized. The alcohols were converted t o  t h e i r  trimethyl- 
s i l y l  ethers and analyzed by mass spectrometric analysis. The re- 
s u l t e  are shown i n  f igu re  3.  The phenol-free neu t r a l  o i l  fram the 
Kentucky hvab coa l  was reacted under oxo conditions. The subsequent 
recovery of alcohol w a s  7.5 percent. The product, water-white i n  
color,  was converted t o  t r ime thy l s i ly l  ethers and submitted f o r  mass 
spectrometric analysis. 

NMR spectra were obtained on a l l  the alcohol mixtures produced from 
the tar f rac t ions .  These results w i l l  be considered i n  the  Discus- 
s ion  section of t h i s  paper. 

The product 

The alcohol content w a s  

The alcohol 

The phenol- 

The results are shown i n  f igure  4. 

Under oxo conditions, it can be assumed that each molecule of o l e f in  
w i l l  react with one molecule of CO. Further reaction under oxo con- 
d i t i ons  w i l l  pro uce alCOhOlS, aldehydes, es t e r s ,  and o ther  oxygenated 

w i l l  be radioactive. 
i n  the  product can then be used t o  ca lcu la te  the concentration of ole- 
f i n s  present o r ig ina l ly  i n  the  tar fraction. Several runs of t h i s  type 
were made, both on known mixtures, and on the low-temperature tar f rac-  
t ions .  The results obtained are discussed below. 

products. I f  C 8 0 i s  incorporated i n t o  the  synthesis gas, the product 
A determination o f  t he  mount of rad ioac t iv i ty  

WSULTS AND DISCUSSION 

Carbon Number Distribution of Alcohols F’roduced 

Figure 1 shows t h e  d i s t r ibu t ion  of the alcohols produced from the EISF 
f rac t ion  of the l i g n i t e  tar. 
t h e  maxjnnnu concentration is at  Cx, and t h e  average carbon number i s  
12.2. 
alcohols. 

The carbon number range shown is Clo-Ci5, 

Not shown on the  graph are minor concentrations of C9 and Clo-C, 
This mixture is  composed of alcohols of t he  carbon number 

I 

I 

I 
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range now used fo r  p l a s t i c i ze r  and detergent production. 
ing f rac t ion  of these alcohols ranged from C t o  C24, w i t h  an average 
carbon number of 16.2. Figure 2 shows the $stribution of the alcohols 
produced fram the €ED f rac t ion  of t he  l i g n i t e  tar. The carbon number 
range shown i s  Cl3-C22, the largest percentage I s  at C20, and the aver- 
age carbon number is 17.8. 
alcohols. 

Figure 3 shows the d is t r ibu t ion  of alcohols produced from the neutral  
o i l  from the Negget t a r  d i s t i l l a t e .  The carbon numbers range f r o m  
Cu-C23, the largest concentration i s  a t  C 1 5 ,  and the  average carbon 
number is 16.3. Trace amounts, not shown, are also present at C 4 and 
C25. Figure 4 shows the d i s t r ibu t ion  of the  higher boi l ing  alcoEols 
produced fmm the neutral  o i l  fram the Kentucky hvab coal.  The carbon 
numbers range from Cl3-C23, the  greatest concentrations are at c16 and 
C17, and the average carbon number is 17.2. Trace amounts, not shown, 
were also present a t  C24. 
ranged frm Clo t o  Cn, with an average carbon number of 14.1. 

I n  the alcohol mixtures produced from the  lower rank lignite and hvcb- 
suba coals, there  an? anomalously high concentrations of C20 alcohols. 
(See Pigures 2 and 3.) This cLid not appear i n  the  alcohols f r o m  the  
hvab coal (fim 4). Cas-chromatographic methods, and other separa- 
t i on  techniques, will be used t o  obtain highly concentrated samples of 
either the C20 alcohols and/or t h e i r  precursors, the  C19 o le f ins  from 
the l i g n i t e  t a r .  If ident i f ica t ion  of either the alcohols or olef ins  
can be made, it may point out i n t e re s t ing  differences between the low- 
temperature carbonization tars produced from low and medium rank coals. 
It I s  conceivable that the C19 o lef in  present i n  such high concentra- 
t i on  i n  the  tars f r o m  the  lower rank coals I s  some isomer of pr i s tene  
(2,6,10,14-tetramethylpentadecene ) , since the sa tura ted  paraf f in ,  pris- 
tane, recently has been i so la ted  from a low-temperature brown coal tar 
(lo), and vas sham t o  be present i n  abnormally high concentrations i n  
two petrolem (11). 

A higher boi l -  

There are a l so  t races  of C l l - C Q  and C23-C27 

A lower boi l ing  f r ac t ion  of these alcohols 

NMR Spectra of Alcohol Mixtures 

The 
instrument. Data were obtained for the number of H atoms on the C atom 
bonded t o  the  OH group (that is, i f  the  alcohol is a p r h a r y  alcohol),  
and the number of H atoms present i n  methyl groups. "his latter quan- 
t i t y  gives a measure of the branching of the carbon chain. 

For the HSF alcohols, there were 1.8 H atorme on C bonded t o  OH, and 1.8 
m e t h y l  groups/molecule; HSD, 1.9 H, 3.4 methyl; Nugget, 2.3 H, 3.0 methyl; 
and Kentucky, 1.9 H, 2.6 methyl. 

spectra of these alcohol mixtures were run on a Varian HR-60 

Within the accuracy of the method, all 



of the  alcohols appear t o  be primary, as expected from the  nature of 
the  oxo reaction. In  general ,  the number of branched methyl groups in- 
creases with the average carbon number of the  alcohol mixture. As a 
comparison with some other,  more highly branched, commercially-produced 
oxo alcohols, C 3-alcohols made f r o m  t r i i sobuty lene  would have at least 
6 methyl groupsjmolecule; those made f r o m  tetrapropylene would have a t  
least 4 m e t h y l  groups/molecule; and C17-alcohols m a d e  from tetraisobuty- 
lene would have at least 8 methyl groups/molecule. 

Determination of Olefin Content of Mixtures by U s i n g  C I 4 O .  

I f  a mixture containing o l e f in s  i s  reacted with '12 + Ci40, t o  a good 
approximation, each molecule of o l e f i n  w i l l  r eac t  with one molecule of 
CO, and thewfore  each o l e f i n  w i l l  be %gged"  with rad ioac t iv i ty .  This 
w i l l  be t rue  whether the o l e f i n  ende up as an alcohol,  aldehyde, ester, 
ether, e t c .  The only exception i s  when the o l e f i n  hydrogenates t o  form 
the  paraffin,  and t h i s  is an important reaction under oxo conditions 
only for highly branched o le f ins ,  or campounde such as indene. 

By measuring the r ad ioac t iv i ty  of the  t o t a l  oxo product obtained frm 
each olefin-containing f r ac t ion  relative t o  the  rad ioac t iv i ty  of the re- 
sidual CO in  equilibrium with the bomb contents at the end of t he  run, 
t he  i n i t i a l  o l e f i n  content of the mixture can be detelmined. I n  each 
100 molecules of the  olefin-containing mixture, vhere x molecules are 
o le f in i c  , and Y i s  the average carbon number of the mixture; 

X 
100 + 

Table 2 gives the results obtained by t h i s  procedure. 

( r ad ioac t iv i ty  of gas i n  bomb at end of run) = ( rad ioac t iv i ty  
of product). 

Agreement between 

1 10.0 Decene-1 + 
1-methylnaphthalene ) 

47 52 
50 56 

Decene-1 + dokcene-1 ) 
+ limonene + 1 
4-me t hylc yclohexe ne - 1) 
+ 1-methylnaphthalene) 

9.5 55 53 

HSF 12.4 &/40-5 5 55, 48 

HSD 16.8 u40-50 53,42 

4 
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known and found Values i s  sa t i s fac tory .  
t h e  other tar  fractions,  and on improving the accuracy of t h i s  analyti-  
cal. procedure. 

Further work i s  being done on 
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I s o l a t i o n  of Porphyrins From Sha le  O i l  and O i l  Sha le  

J. R. Morandi and H. B. Jensen  

Bureau of Mines, U.S. Department of t h e  I n t e r i o r  
Laramie, Wyo. 

INTRODUCTION 

O i l  s h a l e  i s  a laminated rock of sedimentary o r i g i n  t h a t  ranges  from gray t o  
d a r k  brown t o  almost b lack .  
which i s  de r ived  from p l a n t  and animal remains (I>. 
common organic  s o l v e n t s ,  bu t  when hea ted  t o  about  900°F i t  y i e l d s  s h a l e  o i l .  
s h a l e  o i l  resembles petroleum i n  t h a t  i t  i s  composed of hydrocarbons and s u l f u r - ,  
n i t rogen- ,  and oxygen-der iva t ives  of hydrocarbons.  

It owes i t s  c o l o r  t o  carbonaceous m a t t e r  c a l l e d  "kerogen" 
Kerogen i s  l a r g e l y  i n s o l u b l e  i n  

Th i s  

The d iscovery  of porphyr ins  i n  petroleum and o i l  s h a l e  by T r e i b s  (12, 2) i n  
I n  1934 gave d i r e c t  evidence f o r  t h e  organic  o r i g i n  of petroleum and o i l  s h a l e s .  

1953 Groennings Q) publ i shed  a method f o r  e x t r a c t i n g  and spec t ropho tomet r i ca l ly  
de te rmining  porphyr ins  i n  petroleums. Groennings' procedure s t imu la t ed  t h e  work 
on t h e  a n a l y s i s  of porphyr ins  i n  n a t u r a l  p roducts .  
e x t r a c t e d  Green River  o i l  s h a l e  wi th  va r ious  s o l v e n t s  and ob ta ined  a number of 
e x t r a c t s  that con ta ined  porphyrin-metal  complexes. They concluded t h a t  t h e  major- 
i t y  of t h e  porphyr in  e x i s t s  i n  t h e  s h a l e  as an  i ron-porphyr in  complex. Although 
t h e s e  r e s e a r c h e r s  have r epor t ed  t h e  occurrence  of porphyr ins  i n  o i l  s h a l e ,  no one 
has  r epor t ed  t h e i r  p resence  i n  s h a l e  o i l .  
mine i f  porphyr ins  were a b l e  t o  s u r v i v e  t h e  r e t o r t i n g  s t e p  and i f  so, what changes 
were brought about  by r e t o r t i n g .  

In  1954 Moore and Dunning e) 

The p r e s e n t  work was under taken  t o  d e t e r -  

It w a s  found i n  t h i s  i n v e s t i g a t i o n  t h a t :  

Porphyr ins  a r e  p re sen t  i n  s h a l e  o i l  so they  s u r v i v e  t h e  r e t o r t i n g  s t e p .  

R e t o r t i n g  changes t h e  porphyr ins  from phy l lo  t o  e t i o  type ,  and t h e i r  
average  molecular  weight i s  lowered. Th i s  lowering of t h e  molecular 
weight is p a r t i a l l y  accounted f o r  by decarboxyla t ion .  

Porphyr ins  p r e s e n t  i n  s h a l e  o i l  are shown t o  be  a complex mixture  of pre-  
dominantly e t i o  type wi th  an average  of n i n e  methylene s u b s t i t u e n t s  on 
t h e  porphine r ing .  The abso rp t ion  spectrum of t h e  p u r e s t  porphyrin pre-  
pared was n e a r l y  i d e n t i c a l  t o  t h e  spectrum of a syn thes i zed  e t i o - t y p e  
porphyr in .  

EXPERIMENTAL WORK 

Method of E x t r a c t i n g  Porphyr ins  

Groennings' method (1) f o r  t h e  e x t r a c t i o n  o f  porphyr ins  was used wi th  two modi- 
f i c a t i o n s :  (1) To reduce l o s s  o f  porphyr ins  t o  t h e  organic  phase,  a 20 percent  



hydroch lo r i c  a c i d  s o l u t i o n  w a s  used i n s t e a d  of t h e  recommended 7 pe rcen t  s o l u t i o n ,  
and ( 2 )  t o  minimize decomposition of t he  porphyr in  by con tac t  wi th  halogenated 
s o l v e n t s  (1) t h e  f i n a l  t r a n s f e r  of the porphyr ins  w a s  made i n t o  benzene i n s t e a d  of 
i n t o  chloroform. 

Source of M a t e r i a l s  S tudied  

The o i l  sha l e  s t u d i e d  w a s  from t h e  Mahogany Ledge o f  t he  Green River  format ion  
near  R i f l e ,  Colo. The s h a l e  conta ined  35 weight percent  organic  m a t t e r  and assayed 
64.3 g a l l o n s  of o i l  p e r  t o n  by t h e  Modified F i sche r  a s say  method (10). Because the  
s h a l e  conta ined  approximate ly  10 pe rcen t  by weight of C02 a s  mine ra l  ca rbona te s ,  i t  
was p r e t r e a t e d  wi th  4 p e r c e n t  hydroch lo r i c  a c i d  and a i r - d r i e d  p r i o r  t o  the  porphyrin 
e x t r a c t i o n  s t e p .  

The c rude  s h a l e  o i l  was produced i n  an  i n t e r n a l l y  f i r e d  r e t o r t .  The feed  sha le  

Se lec t ed  p r o p e r t i e s  of t h e  o i l ,  u s ing  t h e  
f o r  t h i s  r e t o r t  was a l s o  from t h e  Mahogany Ledge of t h e  Green River  format ion  and 
averaged about  30 g a l l o n s  of o i l  pe r  ton.  
Bureau of Mines s h a l e - o i l  a s s a y  method (11), were s p e c i f i c  g r a v i t y ,  0.950;  weight 
pe rcen t  n i t r o g e n ,  2.11; weight  pe rcen t  s u l f u r ,  0.88; and a d i s t i l l a t i o n  a n a l y s i s  of 
4.6 volume percent  naphtha ,  14.3 volume pe rcen t  l i g h t  d i s t i l l a t e ,  26.7 volume per- 
c e n t  heavy d i s t i l l a t e ,  and 54.3 volume pe rcen t  residuum. 

S p e c t r a l  Procedures  

The abso rp t ion  s p e c t r a  from 450 t o  650 mu of a l l  porphyr in  ex t r ac t s , concen-  
t r a t e s ,  and r e f e r e n c e  compounds were obta ined  i n  benzene s o l u t i o n .  The method of 
Dunning e) was used f o r  c o r r e c t i n g  f o r  background abso rp t ion  i n  de te rmining  t h e  
type and q u a n t i t y  of porphyr ins .  The s p e c t r a l  r e f e rence  compounds used i n  t h i s  
r e sea rch  were mesoporphyrin I X  d ime thy le s t e r  and e t ioporphyr in  I. 

Low-ionizing-voltage and h igh - ion iz ing -vo l t age  mass s p e c t r a  were obta ined  on 
s e l e c t e d  e x t r a c t s  and c o n c e n t r a t e s .  When a n i c k e l  complex of a porphyr in  sample was 
in t roduced  i n t o  t h e  mass spec t romete r ,  t h e  spectrum obta ined  was of t h e  n i c k e l  com- 
p lex .  
indium c h l o r i d e  complex of t h e  porphyrins.!/ I n  both  cases  t h e  mass s p e c t r a  w i l l  be 
d i scussed  a s  t h e  s p e c t r a  of  t h e  uncomplexed porphyr ins .  

The i n t r o d u c t i o n  of uncomplexed p o r  h y r i n s  r e s u l t e d  i n  t h e  spectrum of t h e  

E x t r a c t i o n  and Concent ra t ion  of Porphyr ins  From Sha le  O i l  

Small- Sca l e  E x t r a c t  ion 

A 100-gram sample of t h e  c rude  s h a l e  o i l  was e x t r a c t e d  us ing  t h e  modi f ied  Groen- 
n ings '  method. Th i s  e x t r a c t  was  p u r i f i e d  by chromatographing it on a column con ta in -  
i ng  100 grams of a c t i v a t e d  alumina. 
t h e  i n i t i a l  e luen t .  Benzene e l u t i o n  was cont inued  u n t i l  t h e  so lven t  was almost 
c o l o r l e s s .  

Benzene'was used t o  prewet t h e  alumina and a s  

S p e c t r a l  examinat ion  of t h e  benzene showed t h a t  no prophyr ins  were 
~~ 

- 1/ The indium c h l o r i d e  i n  t h e  ins t rument  r e s u l t e d  from t h e  r e a c t i o n  o f  indium used 
f o r  t h e  va lves  i n  t h e  sample i n t r o d u c t i o n  system and c h l o r i n e  from ch lo r ina t ed  
s o l v e n t s  used i n  o t h e r  mass s p e c t r a l  p r o j e c t s .  

I 

c 



removed. 
and e l u t i o n  wi th  t h i s  s o l v e n t  w a s  cont inued u n t i l  no porphyr ins  were d i s c e r n i b l e  i n  
t h e  e l u e n t .  
a f t e r  t h e  chromatographic s t e p .  
on the  chromatographica l ly  p u r i f i e d  e x t r a c t .  

The porphyrin band w a s  removed from the column u s i n g  1 ,2-d ich loroe thane ,  

V i s i b l e  a b s o r p t i o n  s p e c t r a  were obta ined  on t h e  e x t r a c t  before  and 
Low- and h i g h - v o l t a g e  mass s p e c t r a  were obtained 

Large-Scale E x t r a c t i o n  

To o b t a i n  enough porphyr in  e x t r a c t  f o r  a c h a r a c t e r i z a t i o n  s tudy ,  2,300 grams o f  
c rude  s h a l e  o i l  was e x t r a c t e d  by t h e  modif ied Groennings' method. The e x t r a c t  w a s  
chromatographed on 1,000 grams of  a c t i v a t e d  alumina. Benzene was used t o  prewet t h e  
column and t o  e l u t e  t h e  c o l o r e d  i m p u r i t i e s ,  as was done on the s m a l l - s c a l e  exper i -  
ment. The porphyr ins  were s lowly e l u t e d ,  u s i n g  f i r s t  recyc led  benzene and then 
mixtures  of benzene and 1 ,2-d ich loroe thane .  Twenty f r a c t i o n s  were c o l l e c t e d  u s i n g  
benzene and 11 u s i n g  benzene c o n t a i n i n g  i n c r e a s i n g  q u a n t i t i e s  of 1 ,2-dichloroethane.  
V i s i b l e  a b s o r p t i o n  s p e c t r a  w e r e  ob ta ined  on a l l  f r a c t i o n s ,  and mass s p e c t r a  were 
obtained on s e l e c t e d  f r a c t i o n s .  

Countercur ren t  e x t r a c t i o n  was used as a n  a d d i t i o n a l  s e p a r a t i o n  on s e v e r a l  of 
t h e  f r a c t i o n s  from t h e  l a r g e - s c a l e  chromatographic  s e p a r a t i o n .  I n  each case ,  cyclo-  
hexane and 0.25 N h y d r o c h l o r i c  a c i d  wei-e used as t h e  immiscible  s o l v e n t s  and 100 
t r a n s f e r s  were made. Absorp t ion  d a t a  were used t o  determine t h e  d i s t r i b u t i o n  of 
porphyr ins  i n  t h e  100 tubes .  Each t ime t h e  s e p a r a t i o n  was i n t o  f o u r  areas with con- 
c e n t r a t i o n  maxima o c c u r r i n g  n e a r  tubes 33, 55, 75, and 95. The porphyr ins  i n  t h e  
tubes  i n  each of  the c o n c e n t r a t i o n  areas w e r e  combined, and mass and absorp t ion  
s p e c t r a  were obta ined  on the recovered porphyrins .  

E x t r a c t i o n  o f  Porphyrins  From O i l  Sha le  

A sample of the h y d r o c h l o r i c  a c i d  leached s h a l e ,  c o n t a i n i n g  105 grams of organic  
m a t t e r ,  w a s  placed i n  a g l a s s  bomb, and 300 m l  of benzene w a s  added as a d i s p e r s a n t .  
The modif ied Groennings' e x t r a c t i o n  procedure was used t o  e x t r a c t  t h e  porphyrins ,  
except  t h a t  the  bomb was shaken cont inuous ly  d u r i n g  t h e  e x t r a c t i o n .  V i s i b l e  absorp-  
t i o n  and mass s p e c t r a  were obta ined  on t h e  r e s u l t i n g  e x t r a c t .  

RESULTS AND DISCUSSION 

Porphyrin i s  t h e  term a p p l i e d  t o  a class of  compounds i n  which f o u r  p y r r o l e  
r i n g s  are u n i t e d  by b r i d g e  carbons t o  form a conjugated ,  macrocycl ic  s t r u c t u r e ,  known 
as  porphine. F igure  1 shows t h e  numbering system t h a t  w i l l  be  used i n  t h i s  paper  f o r  
t h e  porphine r i n g  e). 
genated,  n i t r a t e d ,  o r  sublimed without  d e s t r o y i n g  t h e  macrocycl ic  s t r u c t u r e  e). T h i s  conjugated r i n g  system i s  h e a t  s t a b l e  and can be halo- 

Porphyr ins ,  d i s s o l v e d  i n  organic  s o l v e n t s ,  have a t y p i c a l ,  four-banded absorp-  
They have been classi-  t i o n  spectrum i n  the v i s i b l e  r e g i o n  between 450 and 650 mu. 

f i e d  i n t o  e t i o ,  p h y l l o ,  and rhodo types  accord ing  t o  t h e  h e i g h t  of t h e  i n d i v i d u a l  
peaks r e l a t i v e  t o  one a n o t h e r  (2). R e p r e s e n t a t i v e  s p e c t r a  of each  of these  t h r e e  
types  are  shown i n  f i g u r e  2.  The f o u r  bands o r  peaks a r e  numbered I, 11, 111, and 
IV s t a r t i n g  from t h e  long-wavelength end of the spectrum. I n  g e n e r a l ,  t h e  h e i g h t  of 
t h e  peaks i n c r e a s e s  toward t h e  s h o r t e r  wavelengths. 

Porphyrins  that have methyl ,  e t h y l ,  v i n y l ,  p ropionic  a c i d ,  o r  hydrogen i n  
p o s i t i o n s  2 ,  3,  7 ,  8, 1 2 ,  1 3 ,  17, and 18 (see f i g u r e  1) around the porphine r i n g  



?95 :1 
give  t h e  e t i o - t y p e  spectrum. This  e t i o - t y p e  spectrum, which i s  c h a r a c t e r i s t i c  of 1 
blood-pigment porphyr ins ,  h a s  f o u r  peaks, which become p r o g r e s s i v e l y  h igher  proceed- 
i n g  from the  l o n g e r  t o  t h e  s h o r t e r  wavelengths. The s h a l e - o i l  e x t r a c t s  and concen- 
trates gave e t i o - t y p e  s p e c t r a .  ! The phyl lo- type spectrum, which is t y p i c a l  o f  t h e  c h l o r o p h y l l  porphyr ins ,  has  
peak I1 l a r g e r  than 111. This  type  of spectrum h a s  been a t t r i b u t e d  e i t h e r  t o  the  
presence o f  a n  i s o c y c l i c  r i n g  between one of t h e  p y r r o l e  r i n g s  and t h e  a d j a c e n t  br idge 
carbon atom o r  t o  a n  a l k y l  group on one o f  t h e  b r i d g e  carbon atoms. 
e x t r a c t s  gave phyl lo- type  s p e c t r a .  i The o i l - s h a l e  

The rhodo-type spec t rum has  been observed i n  compounds having  a carbonyl  group 
a t t a c h e d  t o  one of t h e  p y r r o l e  r i n g s  and h a s  t h e  number 111 peak as  t h e  s t r o n g e s t  of  , 
s h a l e  o r  s h a l e - o i l  e x t r a c t s .  
t h e  f o u r  main peaks. The rhodo-type spectrum w a s  n o t  observed f o r  any  of  t h e  o i l -  '1 

I 
The porphyrins  i n  t h e  e x t r a c t  from o i l  s h a l e  were c h a r a c t e r i z e d  by the  use  of 

The a b s o r p t i o n  spectrum o f  t h i s  o i l - s h a l e  e x t r a c t  i s  , 
a b s o r p t i o n  and mass s p e c t r a .  
shown i n  f i g u r e  3 .  This spectrum i s  c h a r a c t e r i s t i c  of phyl lo- type  porphyr in ,  which 
has  peak I1 h i g h e r  t h a n  peak 111. j 

The low-voltage mass spectrum showed porphyr ins  wi th  molecular  weights  from 4 6 2  ; t o  536. The i o n s  i n  t h i s  spectrum were i n  t h e  t h r e e  fo l lowing  homologous series: I 

(1) The a l k y l - s u b s t i t u t e d  porphine series,  (2) the series two mass units g r e a t e r  
than t h e  porphine series, and (3)  t h e  series two mass u n i t s  less than  the porphine 
series. F igure  4 shows t h e  d i s t r i b u t i o n  of  i n t e n s i t i e s  of  t h e  i o n s  f o r  the  s e r i e s  
o c c u r r i n g  a t  two mass u n i t s  g r e a t e r  than  t h e  porphine series. 
weight o f  the porphyr ins  i n  t h i s  series (as c a l c u l a t e d  from t h i s  d i s t r i b u t i o n )  i s  
508. More than h a l f  o f  t h e  t o t a l  i o n s  i n  t h e  low-voltage spectrum w e r e  i n  t h i s  s e r i e s ,  
and t h e  d a t a  p r e s e n t e d  i n  f i g u r e  4 r e p r e s e n t  t h e  t h r e e  s e r i e s .  

I 

j The average  molecular  - >  
1 

i 
I n  t h e  h igh-vol tage  spectrum of  the o i l - s h a l e  e x t r a c t  there was a series of  i o n s  

This series o f  i o n s  was shown t o  be  a f r a g -  44 mass u n i t s  less t h a n  t h e  p a r e n t  i o n s .  
ment i o n  series cor responding  to the loss of C02 from t h e  porphyrins .  

' 
1 

These c h a r a c t e r i z a t i o n  d a t a  show t h e  fo l lowing  f a c t s  about  t h e  o i l - s h a l e  por- 
phyrins  : /' 

(1) Oil -sha le  porphyr ins  are composed of a t  least three homologous s e r i e s  of 
~ 

compounds w i t h  no fewer than s i x  d i f f e r e n t  compounds i n  each series. _- 

( 2 )  The m a j o r i t y  o f  t h e s e  compounds have a phyl lo- type  spectrum. 

(3) Some o f  t h e s e  porphyrins  have carboxyl  s u b s t i t u e n t s .  

( 4 )  The average molecular  weight of 508 f o r  t h e  o i l - s h a l e  porphyr ins  can be 
accounted f o r  by 1 carboxyl  and 11 methylene s u b s t i t u e n t s  on t h e  porphine 
r i n g .  

.( 

Before t h e  porphyr ins  from t h e  s m a l l - s c a l e  e x t r a c t i o n  of  s h a l e  o i l  could be  
c h a r a c t e r i z e d ,  i t  was n e c e s s a r y  t o  remove some of  t h e  i m p u r i t i e s  c a r r i e d  along by 
Groennings '  e x t r a c t i o n .  T h i s  was done by chromatographing on alumina, and the 
a b s o r p t i o n  s p e c t r a  of  t h e  porphyr in  e x t r a c t  b e f o r e  and a f t e r  chromatography a r e  shown 
i n  f i g u r e  5.  
graphic  s t e p  i s  shown by t h e  smaller background a b s o r p t i o n  i n  t h e  chromatographed 
c o n c e n t r a t e .  The s h a l e - o i l  e x t r a c t  both b e f o r e  and a f t e r  chromatographing gave an 
e t i o - t y p e  spectrum, whereas  t h e  o i l - s h a l e  e x t r a c t  showed a phyl lo- type  spectrum. 

Improvement i n  t h e  p u r i t y  o f  t h e  porphyr ins  by t h e  chromato- 
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I n  t h e  low-voltage mass spectrum of  t h e  s h a l e - o i l  e x t r a c t ,  more t h a n  90 percent  
F i g u r e  6 shows of t h e  p a r e n t  i o n s  were i n  t h e  a l k y l - s u b s t i t u t e d  porphine series.  

t h e  d i s t r i b u t i o n  of t h e  i o n s  i n  t h i s  series w i t h  molecular  weight range from 366 t o  
492. 
number of methylene s u b s t i t u e n t s  necessary  on t h e  porphine r i n g  t o  have t h i s  molec- 
u l a r  weight .  
c a l c u l a t e d  from t h i s  d i s t r i b u t i o n )  is  436, o r  t h e  e q u i v a l e n t  of  n i n e  methylene sub- 
s t i t u e n t s  on t h e  porphine r i n g .  

The a b s c i s s a  s c a l e  shows both  m / e  of  t h e  i o n s  (molecular weights)  and t h e  

The average molecular  weight of  the  porphyr ins  i n  s h a l e  o i l  ( a s  

I n  t h e  h igh-vol tage  spectrum of  t h e  s h a l e - o i l  e x t r a c t ,  t h e r e  was  no evidence of  
a fragment i o n  series 44 mass u n i t s  less than  t h e  p a r e n t  ions .  This  i n d i c a t e s  t h a t  
t h e r e  are no carboxyl  groups p r e s e n t  i n  s h a l e - o i l  porphyrins .  

These c h a r a c t e r i z a t i o n  d a t a  show t h a t  s h a l e - o i l  porphyrins  are predominantly 
a l k y l - s u b s t i t u t e d  porphines  wi th  4 t o  13 methylene groups p e r  molecule .  
a b s o r p t i o n  spectrum of t h i s  e x t r a c t  i s  of t h e  e t i o  type,  these a l k y l  s u b s t i t u e n t s  
are on the e i g h t  p y r r o l e  carbons i n  t h e  porphine r i n g .  

Because t h e  

Comparison of  t h e  c h a r a c t e r  of  t h e  porphyr ins  from o i l  s h a l e  wi th  t h e  c h a r a c t e r  
of t h e  porphyr ins  from s h a l e  o i l  i n d i c a t e s  t h e  changes t h a t  porphyr ins  undergo dur ing  
r e t o r t i n g .  These changes a r e  as fol lows:  

(1) The molecular  weight i s  lowered a n  average  of 72 mass u n i t s .  I n  p a r t ,  t h i s  
is  expla ined  by decarboxyla t ion .  
i s  equiva len t  t o  the loss of  one carboxyl  and t w o  methylene groups p e r  
molecule. 

The d e c r e a s e  i n  average  molecular  weight 

(2) The phyl lo- type  c h a r a c t e r  i s  changed t o  a n  e t i o - t y p e  c h a r a c t e r .  The reac- 
t i o n  necessary  t o  b r i n g  about  t h i s  change i n  s p e c t r a l  type  i s  t h e  removal 
o f  s u b s t i t u e n t s  from t h e  b r i d g e  carbons on t h e  porphine r i n g .  This  could 
a l s o  c o n t r i b u t e  t o  t h e  lowering of  t h e  molecular  weight of  t h e  porphyrins .  

F u r t h e r  c h a r a c t e r i z a t i o n  of  t h e  porphyr ins  i n  shale o i l  was accomplished by 
examining t h e  f r a c t i o n s  from t h e  chromatographic  s e p a r a t i o n  of t h e  l a r g e - s c a l e  sha le-  
o i l  e x t r a c t i o n .  The a b s o r p t i o n  s p e c t r a  o f  t h e  f i r s t  25 f r a c t i o n s  from t h i s  chro-  
matographic  s e p a r a t i o n  were o f  t h e  e t i o  type ,  and t h e s e  f r a c t i o n s  conta ined  70 percent  
of t h e  t o t a l  porphyrins  recovered.  Beginning wi th  the 2 6 t h  f r a c t i o n ,  t h e  h e i g h t  of 
peak I1 r e l a t i v e  to  peak 111 became i n c r e a s i n g l y  g r e a t e r .  This  i n d i c a t e d  t h a t  some 
phyl lo- type  porphyr ins  were be ing  e l u t e d  wi th  t h e  1 ,2-d ich loroe thane .  This presence 
of a phyl lo- type  porphyrin i n  t h e  s h a l e - o i l  extract  i s  a n  i n d i c a t i o n  t h a t  a p a r t  of 
t h e  porphyr ins  i s  r e l a t i v e l y  unchanged d u r i n g  r e t o r t i n g .  

A benzene-eluted f r a c t i o n  w a s  used t o  demonst ra te  f u r t h e r  the c h a r a c t e r  o f  t h e  
e t i o - t y p e  porphyrins  i n  s h a l e  o i l .  
pared,  and low- and h igh-vol tage  mass s p e c t r a  of  t h i s  complex were obta ined .  
peak h e i g h t s  i n  t h e s e  s p e c t r a  were c o r r e c t e d  f o r  i s o t o p e  c o n t r i b u t i o n .  
t h e  r e s u l t i n g  low-vol tage spectrum, and f i g u r e  7b is  the  r e s u l t i n g  h igh-vol tage  spec- 
trum. 
r e g i o n  o f  t h e  porphyrins .  

A n i c k e l  complex of t h e  1 5 t h  f r a c t i o n  was pre-  
The 

F i g u r e  7a i s  

Each of t h e  f i g u r e s  shows t h e  c o r r e c t e d  peaks only i n  t h e  molecular  weight 

The low-voltage mass spectrum h a s  only  i o n s  i n  t h e  porphine series. The number 
of s u b s t i t u e n t s  on t h e  porphine r i n g  i s  from 3 t o  12 methylene groups wi th  an average 
of 7 methylene s u b s t i t u e n t s  p e r  molecule. 
s u b s t i t u e n t s  over  even-numbered is  unexplained;  t h i s  d i s t r i b u t i o n  is  n o t  e v i d e n t  i n  
t h e  low-vol tage spectrum of  t h e  t o t a l  s h a l e - o i l  c o n c e n t r a t e  (see f i g u r e  5) .  

The g r e a t e r  abundance of  odd-numbered 
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Hood e) and Mead (7) have r e p o r t e d  t h e  mass s p e c t r a l  c racking  p a t t e r n  f o r  meta l  
complexes o f  e t i o p o r p h y r i n ,  and they  concluded t h a t  t h e  main f ragmenta t ion  process  is  
t h e  l o s s  o f  methyl groups.  The peaks shown i n  f i g u r e  7b a t  one mass u n i t  less than 
t h e  porphine series could  be  d u e  t o  t h e  loss of methyl  groups and i n d i c a t e  t h e  
presence  o f  methyl o r  e t h y l  s u b s t i t u e n t s  on t h e  porphine r i n g  of s h a l e - o i l  porphyrins .  

The h igh-vol tage  spectrum of t h i s  f r a c t i o n  shows t h e  presence o f  s i n g l y  charged 
i o n s  a t  ever3 m/e from the m o l e c u l a r  weight of  t h e  porphyr ins  t o  t h e  doubly charged 
p a r e n t  ions.-/ 
porphyr in  I t h e  porphyr in  s k e l e t o n  remains i n t a c t  because no s i n g l y  charged ions occur 
between the molecular  weight  of the porphyr in  s k e l e t o n  and t h e  doubly  charged parent  
ions .  The conclusion,  t h e r e f o r e ,  i s  t h a t  the f r a c t i o n  shows t h e  presence of impuri- 
ties. Because the  low-vol tage spectrum of  t h i s  f r a c t i o n  showed no molecular  i o n s  
o t h e r  than  porphyrins ,  t h e  i m p u r i t y  is  probably nonaromatic .  

Both Hood and Mead have shown t h a t  i n  t h e  mass spectrum of e t i o -  

Countercur ren t  e x t r a c t i o n  w a s  used t o  f u r t h e r  p u r i f y  the porphyr in  c o n c e n t r a t e s .  
F r a c t i o n  14 from the l a r g e - s c a l e  chromatographic  s e p a r a t i o n  was c o u n t e r c u r r e n t  extrac- 
ted  and s e p a r a t e d  i n t o  f o u r  c o n c e n t r a t e s .  Judging  by t h e  comparison of s p e c i f i c  
e x t i n c t i o n  c o e f f i c i e n t s ,  one o f  t h e s e  c o n c e n t r a t e s  w a s  t h e  p u r e s t  porphyr in  concen- 
trate prepared  i n  t h i s  work. That t h e  i m p u r i t y  was s t i l l  p r e s e n t  can be  seen by 
comparing t h e  molar e x t i n c t i o n  c o e f f i c i e n t  (2) f o r  t h i s  f r a c t i o n  which w a s  1.8 x lo3 
i n  benzene, wi th  tha t  f o r  e t i o p o r p h y r i n  I, which w a s  6.2 x lo3  i n  benzene. This 
impur i ty ,  however, h a s  low a b s o r p t i o n  i n  t h e  v i s i b l e  reg ion .  This  i s  i l l u s t r a t e d  by 
t h e  good agreement of the v i s i b l e  spectrum of t h i s  c o n c e n t r a t e  with t h e  spec t rum of 
a s y n t h e s i z e d  e t i o - t y p e  p o r p h y r i n  as shown i n  f i g u r e  8. 

The low-voltage mass spec t rum o f  t h e  porphyr in  c o n c e n t r a t e s  from c o u n t e r c u r r e n t  
e x t r a c t i o n  showed a series o f  molecular  i o n s  i n  t h e  porphine series. One of t h e  
c o n c e n t r a t e s  had p a r e n t  i o n s  o c c u r r i n g  a t  molecular  w e i g h t s  corresponding to f o u r  
t o  e i g h t  methylene s u b s t i t u e n t s  on t h e  porphine r i n g .  Of the to t a l  p a r e n t  i o n s  
p r e s e n t  i n  t h e  mass spectrum of t h i s  c o n c e n t r a t e ,  25 p e r c e n t  showed the  presence  of 
f o u r  methylene s u b s t i t u e n t s ,  and 65 percent  showed t h e  presence  of f i v e  methylene 
s u b s t i t u e n t s  . 

CONCLUSION 

This work has  demonstrated that  t h e  s k e l e t o n  of  t h e  porphyrin molecules  i n  o i l  
shale i s  capable  o f  s u r v i v i n g  r e t o r t i n g  tempera tures .  However, t h e  s u b s t i t u e n t  
groups on the s k e l e t o n  are changed. 
weight is  t h e  most obvious change. P a r t i a l  e x p l a n a t i o n  of  t h i s  r e d u c t i o n  w a s  demon- 
s t r a t e d  to  b e  decarboxyla t ioh .  
is the removal of s u b s t i t u e n t s  r e s p o n s i b l e  f o r  t h e  p h y l l o  character of t h e  o i l - s h a l e  
porphyr ins .  This could r e s u l t  e i t he r  from t h e  d e s t r u c t i o n  o f  an i s o c y c l i c  r i n g  o r  
from the removal o f  s u b s t i t u e n t s  from a br idge-carbon atom. 

As expected,  r e d u c t i o n  i n  average  molecular  

Another change t h a t  can be  i n f e r r e d  t o  t a k e  p l a c e  

The porphyr ins  p r e s e n t  i n  shale o i l  were shown t o  be  a complex mixture  of pre- 
The a b s o r p t i o n  spectrum of t h e  p u r e s t  porphyr in  prepared was dominant ly  e t i o  type.  

n e a r l y  i d e n t i c a l  t o  t h e  spec t rum of a synthes ized  e t i o - t y p e  porphyrin.  
i n  shale o i l  have an average  molecular  weight e q u i v a l e n t  t o  t h e  porphine  r i n g  wi th  
n i n e  carbon atoms of methylene s u b s t i t u e n t s .  The t o t a l  number of carbon s u b s t i t u e n t s  
ranged from 4 to  13. 

The porphyrins  

- 2/ T h i s  was t rue  f o r  a l l  e x t r a c t s  and c o n c e n t r a t e s  prepared i n  t h i s  work. 
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FIGURE I -Numbering 'system for the Porphine Ring 

E T  10 PHYLLO 

RHO00 

F I G U R E  2 . - T y p e s  of Porphyrin S p e c t r a .  
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FIGURE 3 -Spectrum of oil-shale extroct 
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FIGURE 6 -Distribution of ion intensities for shole-oil porphyrins 
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